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ABSTRACT

Total cross sections for charge transfer and electron
detachment for collisions of a variety of negative ions with
atomic hydrogen have been separately determined for
laboratory collision energies ranging from about 5 eV to 500
eV. The experiments are performed with an apparatus that
utilizes a crossed-beam configuration with a radio-frequency
discharge as the source of atomic hydrogen.
For collisions of H“ (D~) with H the charge transfer
cross sections increase monotonically with decreasing energy
and display an isotope effect. At the lowest collision
energies, the electron detachment cross sections are about
one order of magnitude smaller than those for charge
transfer; for the two projectiles the detachment cross
sections are identical when compared at the same relative
collision energy.
Total electron detachment cross sections have also
been measured for collisions of Halogen anions with atomic
hydrogen. For F“, Cl“, and Br“ projectiles the measured
detachment cross sections increase with decreasing collision
energy, and no energetic threshold is indicated; no charge
transfer is observed. For 1“ + H, however, the detachment
cross sections are small at low collision energies, and
increase rapidly with increasing energy. HI- is known to form
a stable molecular anion, and a small charge transfer cross
section is meassured to be less than 1
at the highest
collision energy.
For collisions of O- and S“ with atomic hydrogen,
electron detachment is also found to be the dominant electron
loss mechanism, and the measured total detachment cross
sections are found to increase with decreasing collision
energy. For both projectiles, charge transfer cross sections
are measured to be small and energetic thresholds are
indicated.
The experimental results are compared with several
calculations and previous measurements that overlap the
present results at the highest energies, and are discussed,
where possible, in terms of various intermolecular potentials
which have been calculated previously.

x

LOW ENERGY COLLISIONS OF NEGATIVE IONS
WITH
ATOMIC HYDROGEN

CHAPTER I
INTRODUCTION

Low energy collisions of atomic negative ions with
atoms and molecules have been studied extensively at William
and Mary during the past decade.

The molecular targets

investigated have spanned the range form "simple" diatomic,
such as H2<1,2), to more complex polyatomic forms such as SF6
or CH4(3).

Atomic targets however have been restricted

mainly to the noble gases <4,5>, since they alone occur in
purely atomic form at room temperature.

Only recently have

atomic species such as alkali metals been used in negative
ion collisions in this laboratory <6>.
The most fundamental target atom of all, atomic hydro
gen, has in the past been shunned by many experimentalists,
mainly due to the inherent difficulty of producing intense,
well-characterized beams of hydrogen atoms at room tempera
ture. Consequently studies of collisions of negative ions
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with atomic hydrogen have been few and mostly emphasized
energies above 500 eV.
It

has been the goal of this investigation to measure

total cross

sections for the following reactions with

atomic

hydrogen:
direct detachment,
X- + H - * X + H + e” ,

(l)

associative detachment,
X- + H - XH + e“ ,

(2)

and charge transfer,
X" + H - X + H - .

(3)

The projectiles, X “ , utilized in this investigation are H “ ,
D - , F“ , Cl” , Br“ , I“ , 0 ” , and S - .
To determine the absolute total cross sections for
charge transfer, oCT, and electron production via channels
(1) and (2), at, a crossed-beam apparatus has been designed
and built.

In this apparatus,

a well defined negative ion

beam, with laboratory collision energies ranging from a few
eV to 500eV, intersects a target beam of hydrogen atoms at
room temperature.

The beam of hydrogen atoms is produced in

a commercially available r.f. discharge source.

Slow H~

resulting from charge transfer and detached electrons are
extracted from the collision region and separated by a
magnetic field.
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In what follows in this dissertation, chapter II will
include a general discussion of relevant negative ion pro
cesses, such as formation and destruction mechanisms, anion
stability and the importance of electron correlation in the
projectile wave function, as well as applications of ionatom
collision data.

Chapter III will describe the crossed-beam

apparatus and the experimental method used to obtain the
total absolute cross sections aCT and a,, and the experi
mental results are presented and discussed in chapter IV;
some of that data has been previously reported in the fol
lowing publication:
M.A. Huels, R.L. Champion,
L.D. Doverspike and Yicheng
Wang
Phys, Rev. M l #

4809 (1990).

In chapter V some future projects for the existing
crossed-beam device will be proposed.

CHAPTER II
A BRIEF REVIEW OF THE PHYSICS OF NEGATIVE IONS

This chapter provides a general overview of some of the
physical processes involved in the formation and destruction
of negative ions.

Some emphasis is placed on anion stabili

ty, and an attempt is made to compile a list of some exam
ples that demonstrate the applicability of anion-atom colli
sion data to problems of current interest to the atomic
physics community.

A.

Negative ion stability and electron affinity
The vast majority of naturally occurring elements form

stable negative ions, and the mechanisms which govern their
creation and destruction have received considerable atten
tion in the past. A large number of monographs and reviews
are available on this subject; for examples, the reader is
referred to references 7 -10, which provide a starting point
for more detailed discussions on the topic of negative ions.
To form a stable negative ion, a free electron must be
bound to an otherwise neutral atom or molecule. In order to
5

understand the bound nature of negative ions one may, as a
first approximation, assume that the free electron approach
ing the neutral atom, e.g. hydrogen, induces electric dipole
and quadrupole moments in the atomic charge distribution.
These give rise to interaction potentials of the form
(2>1)

”

+ (higher powers of l/rn)

where a is the polarizability of the atom (for hydrogen a »
0.67 i?)(11>.

Figure 2.1 is a schematic of this induced

interaction; E(A + e~) is the energy of the neutral atom
with the 'extra' electron at «, and E(A“) the energy of the
anion.
Fiqrurf> 2

.

1

Schematic for

E(A + e h

the definition of
the electron

E.A.

affinity

ae

V(r)

The electron affinity, E .A., is then defined as
(2.2)

E.A. = E(A + e') - E(A')

For stable negative ions E.A. must be positive.
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However, for a more realistic description of stable
anions and their electron affinities, one must consider the
Pauli exclusion principle and correlation effects between
the atomic and attached electrons; this correlation includes
exchange effects, due to the indistinguishability of the
involved electrons, and radial and angular correlations.
For example, for the hydrogen anion, the system Hamil
tonian is given by

in atomic units, where

r1f and r2 denote the positions of the two electrons and r12
im
m
2
2
= r1 - r2 is their relative position. v, and v2 operate on
r1f and r2 respectively, and L2 operates only on the angular
variables.

The ground state energy E 1 of H

may then be

calculated by the variational principle
(2.4)

E* - < 0*|# | 0 >

where

<p is properly normalized.

Usually the trial wave

function 0 contains parameters (a,b,c . . . ), which are
varied such that E' is minimized.
The electrons in H* are fermions requiring that the
total wave function be anti-symmetric under particle ex
change.

The electron spins,

and Sz, couple

S * S, + S2 to yield
(2.5)

s Xs,m8 = s (s + 1)^2Xs,mt and szXs,m, “ m **Xs,m,

where the 3, are composed of the usual Pauli spin matrices,
and Xs ,m

the total spin wave function.

spins are labeled by the spin vectors a(l)

The electron
(or a(2 )), spin

up, and >9(1) (or >9(2)), spin down.
Since H' has only a single bound state, one chooses the
trial wave function for which the spatial quantum numbers
are identical, i.e. N, - (n,,!,) = N2 = (n2,l2); the Pauli
principle then requires that S = 0 and m, = 0.

The ground

state wave function of H ’ must therefore be a singlet state,
and, in its most general form, is given by:

=

(2 .6 )

+

^ 2^ X 00

where
Xoo " -%= («(D P(2 ) -p ( l ) « (2 ))

ft

At this point one only needs to specify the spatial part of
the wave function in order to calculate the energy E' of H .
It should be noted that, although the total Hamiltonian

%, as given in (2.3), does not depend on spin explicitly,
the spins determine the symmetry of the spatial wave func
tion, which in turn determines the energy.

This means that

for the triplet state, % is symmetric, i.e. the spatial wave
function is anti-symmetric, and thus is small for r, « r2.
The two electrons with parallel spins have a very small
probability of being found close together.
For the singlet state the spin wave-function is anti
symmetric, the spatial part is symmetric, and does not
become small for rj » 15.

Consequently the probability of

finding the two fermions in the same spatial state can be
large.
For the spatial wave function one often utilizes a
Hartree-Fock type function(7) of the form (simple radial
correlation)
(2.7)

T(r,,r2) <* e” (ari+br2)

where the two electrons are both in a Is state.

When sub

stituted into eq. 2 .6 , however, this wave function does not
yield an eigenfunction of the S2 operator, and does not
exhibit a bound state.
To include some exchange correlation, one can improve
(2.7) with a linear combination of the following elements:

= i#ik e-(ar‘ ttrJ

S U M O

(2 .8 )
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As a result we get

!»■”

>

10

(z.V

= r?(lls ls>>

+Hs'i?>)X 00

)

w

7

1

im. a

fee

shcrwn

tlx a t

f a r tkis s t a i t e

ivkere

s1 = £• (3

tai-di)

and 3P,, <?2 are the Pauli spin matrices.

In other words this

linear combination is indeed an eigenfunction of S2 and
therefore a proper choice for the trial wave function.

The

wave function listed in equation (2.9) is that of Shull and
Lowden(12).

When used in conjunction with the variational

method, it is found that it predicts a bound H* with an E.A.
« 0.38eV.
•

•

The most accurate calculation of the electron

affinity of H

.

.

is that of P e k e n s

(13)

;

.

.

in this calculation a

trial wave function with 444 adjustable parameters is used
to represent a high degree of correlation, relativistic
effects, and the finite size of the proton.

The calculation

gives a value of 0.7544eV(7,13> for the E.A. of H , which
agrees extremely well with the best experimental measure
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ments(10) of 0.7542 eV.

A twenty-parameter wave function was

used by Hart and Herzenberg (14) to calculate the E.A. of H*;
they determined a value of 0.7513 eV which also agrees quite
well with the measured value of 0.7542 eV.

Another calcula

tion of the E.A. of H* by L.C. Green et al.(15) used a five
parameter wave function and obtained a value of 0.743 eV,
and a more recent effort by Wu et al.<16> employed a simple
four-parameter wave function to yield an E.A. - 0.729 eV.
As an additional example of how important correlation
effects can be, one might consider OH*.

A calculation of

the ground-state potential energy curves of OH and OH* by
P.E. Cade(17), utilizing a modified version of the HartreeFock method, predicts an electron affinity of about -0.10
eV, i.e. no bound state, whereas the measured value is 1.825
± 0.002 eV<18> as determined by photodetachment measurements.
Only after the inclusion of electron correlation can a
reasonable calculation be made for the E.A. of OH*; these
calculated values range between 1.91eV(17> and l.76eV(19>.
In conclusion, it should be noted that even if the
choice of the trial wave function is such that it most
accurately reflects the measured values of the E.A. of a
negative ion, that wave function is not necessarily guaran
teed to be correct for all points in configuration space<7>.
This error in the wave function will not always manifest
itself in the calculation of the E.A., but might become
evident in other calculations of, e.g., collision cross

12
sections.

Thus, in principle, the electron affinities of

various elements may be calculated, and the results general
ly agree well with observations c20*10>.

Table 1 lists the

accepted values of electron affinities (E.A.) of some of the
elements <10>, as well as the ground states (in spectroscopic
notation) of the neutral parents and anions of those species
which are of relevance to this study.

In the spectroscopic

notation the description of the ground states of the nega
tive ions is analogous to that of neutral many -electron
atoms.
B.

Mechanisms of negative ion formation and destruction
1.

Anion formation

The most probable processes

v
(21 22 7 23)

' '’

of negative ion

formation in gas discharges or low temperature plasmas
include the following mechanisms.
Three-bodv collision
X + Y + e - ^ X + Y ,
where X and Y may be an atomic or molecular species.

(a)
As an

example of this process, oj production is found to occur in
discharge plasmas at relatively high gas pressures and low
electron energies (0.1 eV)(21>, with Nz acting as a third
body; C02 has also been found to enhance greatly the produc
tion of 0*2 via this mechanism.
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Table.1
Electron Affinities of some Elements

E.A.(eV)

X*

H ( Is 2Sm )

0.7542

H* (ls2 1S0)

Li

0.620

Li-

Na

0.546

Na"

K

0.501

K-

Rb

0.486

Rb-

Cs

0.472

Cs*

Fe

0.164

Fe-

CIu

0.662

Cu*

Ni

1.15

Ni*

0 ( 2p4 3p2 )

1.462

O' ( 2p5 2P3/2 )

S ( 3p4 3p2 )

2.077

S' ( 3p5 2p 3^2 )

Se

2.021

Se*

F ( 2 p 5 2p 3/2)

3.399

F*(2p6lSo)

Cl ( 3p5 2P 3/2 )

3.615

Cl’ ( 3p6 1S0 )

Br ( 4p5

)

3.364

B r ( 4p6 1S0)

1 (5p5 2P3/2)

3.061

I* (5p6 iSo)

14
Ion-pair production
XY + e

-X

+ Y

-*• X* + Y‘

+ e

(b)

has been found to occur at high source gas pressures and
high electron energies (*10eV)(22>.

This process is found to

be non-resonant and the electron may carry away a large
amount of the excess energy <21>.
Radiative capture
X + e" -* X' + ho

(c) ,

has been observed extensively for halogen anions as well as
O' and
H

-( 2 1 )

.

•

In this process usually a low energy electron atta

ches to a neutral to form a ground state negative ion,
leading to the emission of continuum radiation,

from which

the E.A. of the parent species can be determined.

For

halogen anions the continuum radiation limit lies in the UV,
e.g. for F' two limits of 3595A and 3646A have been ob(24)
,
served
, which correspond to the attachment of an electron
to the 2P1/2 and 2P3/2 ground state of F respectively, and
leads to an E.A. of about 3.4 eV.

The cross sections for

radiative attachment are very small and difficult to study
experimental ly(21*.
Resonant electron attachment
e' + XY - (XY)' (v )

(d)

occurs for electron energies below 10 eV(22> and may lead to
the formation of a stable ion only if the (XY)

complex is
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able to support the vibrationally excited state, as dictated
by the collision energetics, or autostabilize by photon
emission.

Other processes that lead to stable anion forma

tion include:
polar Photo dissociation
XY + hv -* X' + Y*
-> X+ + Y'

(e)

which has been shown to occur in halogen dimers(7>, and

surfacsprocesses which may involve "cold" low work function surfac
es such as alkalis, where anion formation may proceed at
room temperature(25);

other processes involve hot surfaces*7*'

Finally, one of the most important mechanisms is
dissociative attachment
XY + e" -*• X* + Y

(f)

which may occur as a resonance process, and will often show
significant isotope effects<8).

It is found that dissocia

tive attachment (D.A.) plays a dominant role in negative ion
production in discharge type sources*26,27,28,29*, and often
shows large cross sections, adu, of the order I 0 16-I0'14cm2 (23)
D.A. is assumed to proceed via an intermediate molecular
negative ion state:
e' + XY - (XY)'* -* X' + Y
and is most probable at very low electron energies

(23)

.

If

D(XY) is the dissociation energy of the molecule and E.A.(x)
the electron affinity of X then, in principle, this process
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may occur at a minimum electron energy of D(XY) - e .A.(x ).
The kinetic energy of the product negative ion X*, formed in
the D.A. process, is given by <30)
E(X') - (1 - m y m ^ H E e - - D(XY) + E.A. (X) - E*(Y)),
where m* and m,^ are the masses of the product anion and
target molecule respectively, and Ec. the electron kinetic
energy and E*(Y) the excitation energy of the neutral prod
uct.
The case of D.A. for H2
detail by Schulz

(8)

has been discussed in great

in particular, and several others

(23,31,7), where extensive reviews and examples of disso
ciative attachment are presented.
It has also been observed that the cross section for
D.A. may be enhanced, if the target molecule is
vibrationally excited*32,33,23*.

2.

Anion destruction
There exist many processes, observed in the laboratory

and in nature, which lead to the destruction of negative
ions.
Collisional for direct) detachment
X* + Y - » X + Y + e*

(g),

has been extensively studied in cases where Y is an inert
gas atom

(34 4 5)

"

(35)

or a molecule such as 02

molecules*1,36,4*.

and many other

For molecular targets a possible competing

reaction may also proceed at low energies:
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X' + YZ -* Y' + XZ or
-► Y" + X + Z
-► (XZ)‘ + Y
where energy considerations require that
E.A. (Y) - D(YZ) - E.A. (X) + D(XZ) > 0.
If X and Y from a stable molecule, XY, then
associative detachment
X' + Y -» XY + e'

(h)

may also occur; for low relative collision energies, this
may occur only

if D(XY) > E.A.(X), in which case the resid

ual energy may be distributed between the kinetic energy of
the electron, and internal degrees of freedom of the product
molecule(37,3a,39>.

For targets for which E.A. (Y) > 0,

charge transfer
X* + Y -* X + Y'

(i)

may also play an important role.

Particularly in the case

where X=Y, i.e. resonant charge transfer, the observed cross
sections have been found to increase with decreasing energy,
12

and are often large (> 20 A)
charge transfer as in H

•

t4 1 )

+ o

{40)

, even for non-resonant

, where E.A.(H) < E.A.

(0).

Negative ions may also be neutralized by

Electron impact(single detachment)

(j)

e* + X' ■+ X + 2e'
which has a threshold of E(e’) > E.A. (x).

In view of exper

imental difficulties, such as space-charge effects(7> and
stray magnetic fields, only few measurements exist.

In the
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case of e' + H' -* H + 2e', for example, a resonance near
/A 2\

14.5eV was found

which has been associated with a short

lived (2s)22p state of H2* with a lifetime of about
10

*15

s.

-

O , C

reaction (j).

and F

- (43)

have also been investigated via

Lastly, neutralization via

photodetachment
X' + hu -» X + e'

(k)

has become an increasingly efficient tool in the determina
tion of electron affinities of various elements<10>, such as
H‘(44) and alkali anions(20>, due the advancement of high
intensity light sources such as Nd.Yag and tuneable dyelasers.

In these experiments usually the free electron

yield is monitored as a function of electron kinetic energy,
where the threshold behavior of the detachment cross sec
tion, Uph.ij., reveals the binding energy of the 'extra' electron.

•

A threshold law, developed by Wigner
a p h .d .

(45)

, states that

3 k2L+1 (1 + higher order terms),

where K is proportional to the momentum of the liberated
electron (Ee. ■ hu - E.A.)* and L is its angular momentum.
For H* this means that
hu + H'(ls2) - H(ls) + e"(K,p)
i.e. a transition of an s-electron into a p-continuum; thus
(AL - l, K « (E)*)
a p h .d .

« (E)VZ - (hu - E.A.)3/2

which is found to agree well with threshold measurements*46*.
Thus the functional dependence of the photodetachment cross
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section on photon energy, near threshold, may yield valuable
information on the initial and final states of the an
ion/atom.

For example, photodetachment measurements from S

by Hotop and Lineberger(10,47) have resolved the transitions
from the initial S' ZP3/21/2 states to the final 3P2#i,0 states
of S.
Reviews of photodetachment, including multi-photon
processes, may be found in Massey(7> and Hasted <48>.

C.

Applications of anion-atom collision data
In the previous two sections of this chapter, an effort

has been made to summarize some of the basic physical pro
cesses relevant to this study, and to provide, by means of
the cited references, an adequate context for the experimen
tal measurements reported here.
In the past and present the study of negative ion
collisions has received considerable attention, not only due
to its applicability in the laboratory but also in a possi
bly more applied setting.

For example, one of the methods

envisioned to heat fusion plasmas is that of neutral beam
injection (NBI), in which a high intensity beam of ions,
accelerated to several MeV, is neutralized so that it may
penetrate the plasma confining magnetic field, and
subsequently impinge on the plasma.

It has been found that

a high energy neutral beam (« l MeV) of about 100 MW has a
current drive efficiency as high as 30-40%

(49)

; the plasma is
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heated by momentum transfer from beam to plasma particles,
and ideally the NBI would also be used to fuel the plasma as
well.

That negative ion beams are the likely candidates for

this method is evident in the fact that at 1 MeV the neu
tralization efficiency for D' is as high as 60%, using
simple gas cell neutralizers, whereas for Dj* and D* it is
only 20% and «0% respectively*49*.

Clearly the processes of

collisional detachment and charge transfer are the determin
ing factors in the efficiency of such gas cell neutralizers.
In the search for sources of intense negative ion beams much
work has been done (e.g. r e f .50,51,52,26,27,29), and the
main anion production mechanisms for H

in volume discharge

sources have been, to a large extent, identified.

Two of

the main loss mechanisms in such sources are found to be
associative detachment(29>

(A. D.) and collisional (or di

rect) detachment*53* (C.D.) of H* with H atoms in the dis
charge, resulting in a number density of H* which may be
given by*29,53*

N(H') « l/nH(<aA0VH> + «Ja,VH>) ,

where aw and Og, are the cross sections for associative and
collisional detachment respectively.

Similar arguments for the formation mechanisms of D.A.
(and quenching mechanisms) have also been made for alkali-
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anion discharge sources, e.g. for Li' production D.A. via
Li2(u*) dominates <26'27>.
Advances in laser technology have resulted in the
design of high power lasers with large beam diameters; they
have been used in neutralization experiments on NBI devices,
and neutralization efficiencies near 100% appear realizable(49>.

For H* the neutralization cross section(3> is near

O. 4A2 at a photon energy of approximately 1.55eV, and for
Li' it is about I.4A2 at O.9eV(20>.

Many high power lasers

utilized in the laboratory are gas lasers and chemical
lasers, many of which contain halide compounds such as HF
(or DF)(S4>.

Associative detachment (A.D.) and dissociative

attachment (D.A.) play an important role in many gas lasers:
for C02 lasers it has been found that the reaction O’ + CO C02 + e' leads to electron production and local plasma
instabilities<55>.

In fact the A.D. and D.A. processes are

of great importance in rare gas halide and Hg - halide
lasers(55,56> which have a high energy output in the UV and
visible range, and always contain halide donors such as HCl,
F2, HF, HBr, HgBr2(S7>.

Examples are XeCl and HgBr lasers

which operate at about 308nm and 502nm respectively.

In

XeCl eximer lasers, for example HCl is mainly used as the
halide donor, and the production (or destruction) of Cl' via
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e* + HCl «• Cl' + H
is of crucial importance to the laser stability(55>
Another field where negative ion physics is of impor
tance is in the chemistry of flames.

Although negative ions

are not the main negative charge carriers in flames - typi
cally the ratio of positive to negative ions is n+/n-«
100t58> - naturally occurring flame ions observed include 0",
CN’, C*, 02' and OH'(59, m>.

OH’

and 02" in particular are

believed to result from three body attachment
e' + OH + M -► OH'
e

(59)

i.e.:

+ M

+ 02 + M -* 02 + M

or dissociative attachment

(58)

e‘ + H20 -» OH+H, although measurements of ratios of o',
OH* and 02"<61> indicate that negative ion equilibria occur by
some reactive processes like
O' + H2 - OH' + H
and

02" + H «• 0* + OH.

Experiments with flames that contain halogen additives have
also demonstrated that measured concentrations of Cl* are a
result of the equilibrium reaction(62,63)
e' + HCl

5=±
Cl* + H
*2
where k, and k2 are the rate constants for D.A. and A.D.
respectively.

This particular reaction has been the subject

of considerable attention due to the fact that HCl additives
in rocket exhausts behave as efficient electron

scavengers158’, rapidly reducing the number density of free
electrons in the exhaust.

Thus a knowledge of the reaction

rates k, and kj is of practical interest.
Atomic collision processes, specially the ones involv
ing the halogens, have received increasing attention in the
recent past, partially due to the detrimental effect of
halogen compounds on the earth's atmosphere.
bulk of the ionsphere
(64)

Although the

resides above 120km (daytime value

) and consists mainly of positive ions and electrons,

negative ions may be found with considerable relative con
centrations in a layer below 100km, the D-region.

Of the

major atmospheric constituents, 02 and N2, only 02 forms a
stable negative ion with an E.A. of about 0.46eV.

Other

negative ions observed in the D-region include*64’ 0 ’(1.46eV),
Oj" (1. 9eV) , N02* (2 .36eV) , OH* (1.83eV), and C03* (2 .69eV).
Figure 2.2 shows the ratio of negative to positive ions
as a function of altitude (daytime values)<64)
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Figure 2.2
n_/n+ for the lower
ionosphere

The free electron concentration in the D-region is about
10

11

m

-3 (64)

, and 02 anions are formed mainly by three body

collisions, e.g.
e’ + 02 + M

0'2+ M

involving thermal electrons.
One of the rather important constituents of the atmo
sphere is Oj (ozone) which, in the D-region, may be formed
via*65'66’
02' + O - 03 + e'

(1) ,

and destroyed by the reactions

followed by

02" + 03 - 03 + 02

(2),

03" + O -» 02' + 02

(3).

The anthropogenic introduction of various reactive com
pounds, such as Freon-11 (CFC13) and Freon-12 (CF2C12), may
lead, upon photo-dissociation, to halogen anions such as
Cl*, which

react with 03 by <66>
Cl* + 03 -* Oj* + CIO
-► CIO* + 02

In the D-region the ratio [H2]/[H] is about unity*67’, and cl*
may react with H via
Cl* + H -* HCl + e*
at a very fast rate (68> .

This reaction may be complemented
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and

CIO + O •+ Cl + 02

This sequence is terminated by transport of HCl into lower
atmospheric regions (820km) and subsequent rain out, i.e.
acid rain.
Finally a few comments about astrophysical plasmas:
hydrogen is the most abundant element, and the system of H'
and H is the most fundamental anion-atom combination.

In a

low energy collision of H* with H, there are several pro
cesses which are of fundamental interest:
(1)

associative detachment:

H ’ + H -*Hz +

(2)

direct detachment: H* +

H - » H + H + e‘

(3)

charge transfer: H* + H

-* H + H ’.

e’

These three reactions are of great importance in the physics
of stellar atmospheres, in particular in the calculation of
stellar absorption coefficients (opacity), and in part
determine the energy transport in the solar chromosphere.
From photodetachment measurements it is known(44) that H’
has a very low absorption edge of 0.75eV (8 16500 A ), and
the photodetachment cross section is non-negligible for
photon energies up to about 3.lev (8 4000A).
Collisional processes (1) - (3) largely determine the
number density of H’, and, in particular, associative
detachment and its reverse process is known to keep H" in
ionizational equilibrium in the solar chromosphere(69).

Thus

it has been proposed first by Wildt<70), and subsequently
verified*71,70,69,72,73*, that H" is the sole contributor to the
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sun's opacity by bound-free absorption, and also ths cause
of the chromospheric continuum in the optical and infra-red.
Fig.2.3(71> shows the contributions to the opacity for a
solar model atmosphere at 6000 *K and a wavelength o*f. 5000A
As many authors

(70 69 74)

' '

have pointed out this absorption

process also determines the convective stability of the
solar atmosphere: as photon absorption due to H* increases,
energy transport in the zone below the chromosphere takes
place by mechanical means<75>.

It has been demonstrated(76>

that magnetohydrodynamic waves (Alfven waves), emerging from
the photosphere and convection zones below, enter the low
pressure Chromosphere, and build up into shock waves.

It is

the dissipation of precisely those shock waves that is the
main source of energy for the chromosphere**9’.

optical depth at 5 0 0 0 &
total

H"

10°

o»
OJ

Figure 2.3 Opacities for a solar model atmosphere

27
H' also determines the spectral characteristics of
other stars, it has been shown*77’

that in R R Lyrae stars

the opacity above 4000A is due to H' (R R Lyrae-type stars
are short period variable stars with a period of less than
one day, often used for distance determination*78’) .

The

importance of other negative ions has been demonstrated by
several authors*79,80’, who considered anions such as C’, s'
and Cl' in atmospheres of "late type" stars (T < 4000*K),
whereas in "cool" carbon stars (T » 2000’K) molecular ab
sorption due to H20*81’

is also of importance.

In the interstellar medium several molecules, some
containing hydrogen, have been observed*82’, among them H2,
OH, CH, HCN, HCO, HCl and C02 and it has been suggested c83,84>
that their relative concentrations are to a large extent
determined by associative detachment, e.g.*82'®’,
O' + H -» OH + e'
O' + CO -*■ C02 + e'
and

Cl' + H -* HCl + e'.

CHAPTER III
EXPERIMENTAL APPARATUS AND METHOD

The device used for this study is of the crossed-beam
configuration.

As shown in figure 3.1, the apparatus con

sists of four major components: the negative ion source,
magnetic mass analyser, the collision region and the atomic
hydrogen source.

The crossed-beam experiment is housed in a

series of vacuum chambers, which are held at a background
pressure of about 5 x lo"7 Torr under normal operating
conditions.
After extraction from the ion source (a) the negative
ions are mass selected (b) and subsequently focused by a
series of Einzel lenses (c).

The ion beam is focused

through a 1.3 mm aperture and enters the scattering region,
which consists of a 30* section of a cylindrical electro
static energy analyzer with a radius of curvature of 76 mm.
The voltage across the two curved plates,

(Vn and Vp) is

chosen such that the ion beam will pass resonantly through
the analyzer.

The transmitted primary ion beam is monitored

by a Faraday cup (f), and the laboratory energy distribution
28
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may be determined by a series of grids,

(g,) and (g2) ,

before and after the primary ion beam passes through the
collision region.

The grids (g,) just before the Faraday

cup also serve to suppress any secondary electrons produced
by collisions of the ion beam with the Faraday cup.
Halfway through the cylindrical analyzer section the
ion beam and neutral target beam intersect orthogonally.
The transverse field maintained across the curved plates (n)
and (p) allows the slow product ions and electrons to be
extracted perpendicularly to the plane defined by the reac
tants.

The collision products, after focusing by an Einzel

lens (d), pass through a region of magnetic field (e) which
separates electrons from those product ions which are a
result of charge transfer.

The scattered products are

detected by conventional particle multipliers (h) and their
outputs are amplified in vacuum to reduce r.f. related
noise.
The atomic hydrogen beam is produced in a commercially
available source (j), of the r.f. discharge type which shall
be described at a later point.

The source may be positioned

under vacuum conditions, allowing a separate gas nozzle (k)
to be moved into place, thus making it possible to introduce
an alternate target gas into the scattering region.

In the

following sections the main components of the crossed-beam
apparatus as well as the experimental method will be dis
cussed in detail.
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A.

The Negative Ion Sourca
The negative ions

H , D , F , Cl', Br*, I*,

of relevance for this study, namely
0* and S* are produced in an arc dis

charge source of a type which has been used previously in
this laboratory in a number of studies involving collisions
of negative ions with gaseous targets*1*36'34)-.
In general there exist many mechanisms by which nega
tive ions form within the source, some of which are(85>(32):
(i)

e* + A -* A* +

(ii) A + B

hu (radiative capture)

+ e"-»A* + B (three particle collision)

(iii) e* + AB -*• A* + B
and

(dissociative attachment)

(iv) e* + AB -* A' + B+ + e’

(polar dissociation)

Reaction (ii) is of interest for negative ion source opera
tion, since in arc-discharge sources (operating at relative
ly high pressures)

inert gases are often added to the

source-gas mixture to increase the anion yield; it is be
lieved that the inert gas atom B facilitates the dissipation
of the excess energy liberated in the formation of the
negative ion A*.
Reaction (iii) is of particular importance to the
production of H* ions in low pressure discharge plasmas(86,32>.
The H* ions are produced by dissociative attachment
(D.A.) via an intermediate H2 state

(32)

e* + H2(X,Sj ; v ,J) - H 2(2S*) - H (Is) + H*(Is2)
or
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e' + H ^ X 1^ ; v,J) - H‘2(2z J) - H + H*
It is known that, for electron energies less than or equal
to approximately 5 eV, the contribution of the B2Zg(log) (lau)2
resonance to the dissociative attachment cross section is
much smaller than that of the 2Z„ resonance(32>.

Several

authors (86'50«51»52) have also found that vibrational excitation
of the H2 molecule greatly enhances the D.A. cross section
for low energy electrons.

If the H2 molecule

is rovibra-

tionally excited, then the range of internuclear separa
tions, over which electron capture for resonance formation
occurs is increased due to centrifugal stretching and in
creased amplitude of vibration(32).
The anion source employed in the present crossed-beam
experiments is schematically shown in fig. 3.2.

It consists

of a water cooled stainless steel cylinder 44.5 mm long and
38 mm in diameter; the 0.25 mm diameter Tungsten filament is
formed into a "hair-pin" shape, and is mounted such that its
tip is approximately 1.4 mm from the extraction aperture.
The filament is heated by about 12A d.c. current and is
biased -50V to -100V with respect to the source; thus the
energetic electrons from the filament maintain the arc
discharge when a gas mixture is admitted into the source.
Typically 40mA to 120mA arc current is observed between the

Figure 3.2 : The negative ion Source
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filament and the anode.

The source gas consists of a mix

ture of Ar, H2 and D2 in the ratios 2 : 1 : 1

for the pro

duction of H' and D' ions; if the desired anions are F', Cl’,
Br’ or I' then the source gas mixture should consist of Ar
and CF4 (« 6%), Ar and CC14 (» 2%), Ar and CH3Br(»6%), or Ar
and CH3I(»2%) respectively.

For the production of Cl' one

may also use a mixture of Ar and CH3C1 at a 5:1 ratio; for
0 or s' a combination of Ar and N20 (ratio 7:1) and Ar and
COS (ratio 5:1) have been sucessful.

The total gas pressure

inside the source is maintained at about 0.15 torr by a
precission leak valve giving a mean free path in the source
on the order of 0.3 mm.

The reasons for the great differ

ences in source gas mixtures are the following: Hydrogen
discharges are "clean", i.e. the Hydrogen reacts very little
with the filament which will therefore last a long time,
viz, about 60 hours of continuous operation.

Freon, Carbon

tetrachloride, Methyl bromide, Methyl iodide, N20 and COS,
are very reactive in the discharge.

Thus, in order to

prolong the useful lifetime of the filament, the discharge
is first initiated with pure Argon, then small amounts of
the appropriate gas are added to the discharge to produce
F', Cl", Br’, i", o' or S’.
The maximum beam intensities as delivered to the colli
sion region are about 0.5 nA for H' and D* , 2nA to 5nA for
Halogen anions, and l.OnA for o' or s'.
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As mentioned earlier, the laboratory energy spread (a E)
of the ion beam may be determined by a series of grids,

(g2)

and (g,), before and after the ion beam enters the scatter
ing region.

In general a E is approximately 0.6eV for the

lowest collision energy and l5eV for the highest.
The anions are extracted through an apperture of about
1.25mm diameter which is positioned at the center of the
source plate.

Since the mean free path inside the source is

much smaller than the extraction aperture, only ions formed
near it will have a high probability of being extracted.
This is highly desirable, since ions formed inside the
source would give rise to an increased energy distribution
of the beam.

Since the collision region is grounded, the

laboratory energy of the negative ions is nearly identical
with the source voltage; this may be verified by energy
analysis.
It should be noted that this source is also capable of
producing positive ions; beam currents of about 20nA of Ar*
or 5nA of H* are routinely observed by simply reversing the
polarities of the focusing elements.

B.

The Magnetic Mass Analyzer
After extraction, the anion beam is focused by a field

lens and an electrostatic quadrupole into the magnetic mass

analyzer (b), which consists of a soft Iron core surrounded
by a copper wire solenoid of about 3800 windings.

The iron

core is extended at the top and bottom by soft iron plates
which extend horizontally and are terminated with 90<> pole
faces shaped for 2nd order focusing<$7> and are of rectan
gular cross section.

These pole faces are mounted in such a

way that a wave guide, also bent to 90*, may be placed in
between.

This wave guide has a rectangular cross

section

of approximately 3.8 cm x 1.27 cm and a radius of curvature
of about 15.2 cm; it is extended at either end by drift
spaces of about 9 cm length. The characteristic equation of
this mass analyzer is given by
B - 9.25 (mV^j/q)*
where B is in Gau£, m is the mass of the transmitted ion in
a.m.u., V aec the accelerating voltage, given by the potential
difference between the source and the waveguide (in Volts)
and q the charge state of the ion (i.e. q = 1,2,3

. . .).

During normal operation the magnetic field is monitored by a
transverse Hall probe.

This magnetic mass analyzer easily

resolves isotopes such as 3SC1 and 37C1 or ^ B r and 81Br.

To

aid resolution, slits are mounted at the entrance and exit
apertures of the mass tube.
Following mass selection, the ion beam is focused by a
/oo AO)

series of Einzel lenses and steering elements

'

; this

"lens stack" is approximately 81 cm long, and therefore
places the scattering region at a safe distance from the

fringe fields of the analyzer magnet.

The lens stack is

housed in a vacuum vessel which was originally designed to
hold a total cross section target chamber, which has been
previously used in this laboratory to measure a variety of
ion-atom and ion-molecule reactions'4 *35'5'2>.

Therefore, this

present experimental apparatus may be quickly transformed
form a crossed-beam configuration to a mode that permits
direct measurements of total absolute cross sections.
For sake of brevity the charged particle optics and its
focusing characteristics will not be discussed any further.

C.

The Scattering Region
After focusing, the ion beam enters the collision

region, which consists of 30* section of a 127* electrostat
ic energy analyzer with a radius of curvature of 76 mm.

The

voltages across the two curved plates,(n) and (p), are held
at approximately ±19% of the ion source voltage, allowing
the.anion beam to pass through resonantly; the primary beam
intensity is monitored by a Faraday cup.

Above and below

the curved tracks the electrostatic potential is defined by
ground plates; the top plated has a small hole to allow
admission of the target beam nozzle whereas the bottom plate
has a hole to prevent gas build-up in a scattering region.
To prevent field distortions in the collision region, the
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bottom plate is equipped with

a gold-plated tungsten mesh

grid.
The ion beam and target beam intersect at right angles
at the midpoint of the scattering region.

Product electrons

and slow ions are extracted through a grid covered hole in
the inner track and are subsequently focused by an Einzel
lens (d) into a region of magnetic field (e), which sepa
rates product electrons from those ions which are a result
of charge transfer.

The focusing properties of this product

Einzel lens have been thoroughly investigated; some of the
results are illustrated in fig. 3.3, which shows electron
and slow ion signals (02 ) for the reaction D* + 02 at three
different laboratory energies.

Relative intensities for

ions (open squares) and electrons (open triangles) are
plotted versus product Einzel lens voltage (wrt. ground).
Several differences and similarities are immediately evi
dent:
a)

both ions and electrons have maxima at about the
same Einzel lens voltage.

b)

for both ions and electrons the peaks broaden as
the primary ion beam energy increases.

c)

as the primary beam energy increases form l5eV to
350eV the peak position for both ions and elec
trons decrease form about 70V (Einzel lens volt
age) to approximately 45V (Einzel lenses voltage),
respectively.

Figure
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The effect in item a) is exactly what is desired, since
different focusing peak positions would render a resulting
transmission function unreliable.

Phenomena b) and c ) ,

easily accounted for by the transmission functions for the
scattering region, may both be attributed to the fact that
the voltage across tracks (n) and (p) is held at a constant
percentage of the beam energy (i.e. ion-source voltage),
whereas the drift element which precedes the product Einzel
lens is held at a constant voltage with respect to ground.
This means that the voltage drop between the inner track (p)
and the product drift-lens changes with changing ion beam
energy.

As the ion source voltage changes form 15V to

350V,the peak position voltage decreases by only 25V; there
fore it seems reasonable to fix the product Einzel lens
voltage throughout the whole experiment since a transmission
function will account for precisely such focusing effects.
This has been verified by comparing the results for charge
transfer and electron detachment for the reactants D* + 02,
for which absolute cross sections have been previously
determined*36*.

This is done by two methods:

(i) fixing the

product Einzel lens voltage, and (ii) varying the Einzel
lens voltage with changing primary ion beam energy, such
that the product Einzel lens voltage always corresponds to
the focusing peak position.

It was found that the resulting

cross sections are virtually identical.

The product magnet (e) is able to separate electrons
from ions by means of a weak field (« 18 Gau/9).
tive

For nega

charges this field is in the upward direction (out of

page, fig. 3.1), deflecting electrons of a given energy
(«200eV) by about 2.5 cm by the time they exit the magnetic
field region and enter a charged particle detector. The path
of the product ions is virtually unaffected; at 22 Gau/9 and
E lont »200eV, the product H* are deflected off the beam cen
terline by less than lmm when they exit the magnetic field
and enter the charged particle detector.

This ion detector

has a collecting cone of about 9mm diameter, compared to
19mm for the electron detector. Since the product electron
beam is expected to disperse slightly as it traverses the
magnetic field, a larger collecting area of the electron
detector is desired.

The product selector magnet is de

signed for minimal fringe fields, which is made possible by
a closed-loop soft iron core.

Additionally the product

magnet is placed about 9.5 cm from the scattering region,
where the fringing magnetic field has been measured to be
well below the geomagnetic field.
The charged particle detectors are positioned about 1.5
cm from the product selector magnet and are heavily shielded
to reduce r.f. related noise.

The detector outputs are

amplified in vacuo; placing the amplifiers as close as
possible to the detectors and using shielded cables also
reduces r.f. pick-up.

The amplifiers are housed in small
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grounded copper boxes, and posses an overall gain of about
850; since the detector outputs are pulses of the order of 5
mV the amplified signals are approximately 4.25 V.
amplified pulse widths are <2n sec

The

, resulting in a maximum

allowed count rate of about 5 x 10s counts/sec.

Even at the

highest primary ion beam intensities the count rates of
either product channel are < 3 x 10s counts/sec.
Most of the collision region, i.e. tracks (n) and (p),
product Einzel lens, the Faraday cup, grids and particle
detector shields are made from gold-plated copper or brass.
Electronic amplification of r.f. leakage from the
atomic beam source is further reduced by substantial shield
ing of the source and detectors.

Furthermore, point ground

ing methods within the vacuum chamber are essential, as well
as using 2-3 cm wide copper grounding strips instead of
wires whenever possible.

A quarter-wave tee (for 36 MHz) is

inserted into the output cables of the particle detector
amplifiers to further reduce residual r.f. - related noise.
Any remaining r.f. signal is found to be less than 50 mV.
To confirm that the r.f. fields from the atomic hydrogen
source do not influence the measured cross sections, experi
ments have been performed on the system H' + H2, for which
the electron detachment cross sections are known<1>, with and
without the presence of r.f.

(i.e., r.f. power into the

atomic hydrogen source - but na discharge).

Upon comparison

the measured cross sections are found to be identical.
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An additional background signal encountered is due to
electrons which arise from collisions of the negative ion
beam and uv-photons (from the atomic beam source) with
surfaces in the collision region.

The intensities of these

extraneous electrons are determined by simply terminating
the target and ion beams respectively.

It is generally

found that the signal to noise ratio is better than 10:1 , in
some cases even 30:1.
To calculate the relative collision cross sections one
must first determine the net count rate
(3.1)

N(E) - N0(E) - Nb(E) - Nt(E)

as a function of relative collision energy, where N0(E) is
the total measured signal, Nb(E) the signal when the primary
ion beam only is terminated, and Nt(E) the signal when only
the target beam is terminated; N(E) is the net signal on
either the ion or electron detector.

If I0(E) is the prima

ry ion beam intensity, and T(E) the product energy dependent
transmission function of the detection system (to be dis
cussed shortly), then the net product signal is

(3.2)

1(E) - (N(E)/I. (E) ) T(E)

For targets other than atomic hydrogen and deuterium the
total absolute cross section is then
o(E) - kl(E)

,
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where k is a constant which depends on the target density.
This constant is determined by normalization to some known
cross section.

However if the target is atomic hydrogen or

deuterium, the fact that the atomic beam source does not
completely dissociate the H2 must be taken into account.
(see eg. 3.2) I^tE)

If

is the relative signal of one of the

detectors with the r.f. on (i.e. Ion(E) -» H and H2 in the
target) and Ioff(E) is the relative signal with the r.f. off
(i.e. H2 target only) . then the relative total cross section
in that particular channel - i.e. either electron or ion
production - is given by

(3.3)

ffp.i(E) rei

k

lo n(E )

~

( 1 - f ) I o ff-lE l

72 f

where f is the dissociation fraction of the atomic hydrogen
source (to be discussed shortly), and k a constant of pro
portionality.

The 72 is a result of the fact that, with the

r.f. on, the flux of H-atoms is 2f$(H2) , where $(H2) is the
molecular flux when the r.f. is off.

However, since the

discharge source is water cooled, it is assumed that the
kinetic energy of all particles (H or H2) is the same, and
thus the atomic speed is a factor of 72* larger than the
molecular mean speed, and the effective number density ratio
n(H)/n(H2) = Jit.

The absolute total cross section is then

obtained by normalization to some known cross section, e.g.,
H ‘ + H2(1>.

The relative collection efficiencies of the product
anion and electron detection systems at a given collision
energy may be determined by comparison to the know total
cross sections a#(E) and act(E) for H' + 02(36>.

These two

cross sections are comparable in magnitude over the energy
range of interest.

The normalization procedure yields

energy dependent transmission functions T(E) for the product
anion and electron detection systems.

Examples of typical

T Ion(E) and T,.(E) are shown in figure 3.4 for H* + 02 reac
tions as a function of laboratory collision energy.

As may

be seen in fig. 3.4 the anion transmission function is
slightly different from that for electrons.

This is a

result of the slightly different focusing effects of the
magnetic field of the product magnet (e) on the trajectories
of the product electrons and ions.

Furthermore the two

particle detectors are not identical: the electron detector
has a larger collecting cone than the ion detector, thus
their gain characteristics and output pulse height distribu
tions are expected to be different.

This is verified by

pulse height analysis - the electron detector has a somewhat
broader pulse height distribution than that of the ion
detector; both of course are operated at gain voltages which
are optimum for saturation.

Despite the differences of the

two transmission functions, their ratio is found to deviate
form unity by no more than 12% over the laboratory energy
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range of 5eV<E<300eV.

For the studies of h ' + H and D’ + h

this normalization procedure is easily implemented.
For the above normalization procedure the rotatable gas
nozzle (k)

(see fig. 3.1) is used; a liquid nitrogen cooled

U-tube is employed to deliver the alternate target gas, thus
undesirable residual water vapor is frozen out.
Due to the slightly different shapes and appertures of
the rotatable gas nozzle and the atomic hydrogen source
nozzle, experiments where carried out to measure ot(E) for
Cl

+ Kr

(34)

by passing the Kr gas alternately through the

atomic hydrogen source and the rotatable gas nozzle.

The

resulting cross sections, as determined in the crossed beam
apparatus, where found to be identical.
To determine the absolute total electron detachment
cross sections for collisions of halogen anions and O' and
s' with atomic hydrogen, a different procedure was used.

As

will be demonstrated in chapter III, reactions of F", Cl',
and Br'

with atomic hydrogen involve only electron detach

ment channels.

It is found that for collisions of these

halogen anions with atomic hydrogen, over the laboratory
energy range from about 5eV to 500eV, charge transfer cross
sections have an upper limit of about 0.06A2, the experimen
tal resolution of the crossed beam apparatus.

Furthermore,

electron detachment of Cl' + H has been experimentally (ref.
6 8 , 38, 90, 91) and theoretically (ref. 23, 37, 92, 93 and
references cited therein)

investigated in great detail, and
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the electron detachment cross sections are assumed to be
well known over the laboratory energy range of interest to
this experiment.

To independently verify the magnitude of

the cross section for electron detachment, the following
procedure was initially used:

the transmission function for

the electron channel was determined by measuring the elec
tron detachment cross sections for the known reaction Cl* +
02<35>, or H* + 02(36).

Then the absolute total cross section

for electron production in Cl* + H was obtained at a few
representative laboratory energies between lOeV and 400eV,
by normalization to the known detachment cross section for
Cl* + H2<2>.

The results are shown in chapter IV.

However, since the known electron detachment cross
section for Cl* + 02<3S> decreases rapidly to zero for labora
tory energies below 30eV, it is very difficult to extract a
good transmission function from that reaction at low ener
gies; furthermore <r#(E) for Cl* + H2 is well known only for
laboratory energies up to about 300 eV.

This is true also

for F* + 02(4) and Br* + 02<35>, for which the a, decrease
rapidly for laboratory energies below 20eV and 60eV respec
tively.

In addition, values of a# for Br* + H2 and I* + H2

are not well known below a laboratory energy of 500eV, thus
making it extremely difficult to determine the absolute
total electron detachment cross sections for Br* + H and I*
+ H by normalization to Br’ + H2 or I* + H2.
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Therefore, the absolute total electron detachment cross
sections for collisions of F', Br*, I*, 0* and S* with atomic
hydrogen, reported here, were obtained by direct normaliza
tion to the well characterized cross section for Cl* +
H(37,w> .
If we define the signal in the electron channel, for
r.f. on or o f f , by I * N(E)/I0, where N(E) is the net count
rate given by eq. 3.1, and I0 the primary ion beam intensi
ty, then the total electron production signal for Cl* + H is
given by (analogous to eq. 3.3):
(3.4)

S(Cl* + H) = (Iw - (1 - f)Ioff)//2f

and similarly for S(X* + H ) , where X* - F*, Br*, I*, 0* or S*.
For either reaction, Cl* + H or X* + H, the absolute
total detachment cross section is then given by
a#(E) - K S(E)
where K depends on the energy dependent transmission func
tion and target thickness.

If both signals, S(C1* + H) and

S(x* + H ) , are obtained with identical target conditions,
then the absolute total electron detachment cross section
for X* + H is given by

(3.6)

a,(E)(X* + H) =

■>

<xe(E)(Cl* + H) ,

where ae(E) (Cl* + H) are the known detachment cross sections
for Cl* + H (37,w>.

Thus the absolute total electx’on
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detachment cross sections for X* + H may be determined,
independent of the transmission function, by normalization
to the cross section for Cl* + H.
However, a transmission function, T(E), may be
extracted from the signal S(E) (Cl* + H) by noting that K in
eq. 3.5, is dependent on collision energy only through the
transmission function, i.e. K ■ CT(E) where C is a constant.
Thus by plotting the ratio at(E)/Se(E) * K versus energy,
T(E) may be displayed.

An example of this is shown in

figure 3.5; T(E) is a very smooth function for laboratory
energies between lOeV and 500eV.

For the reactions I*, 0*

and S* + H a small charge transfer signal was measured.
Thus an appropriate transmission function, T lon(E), was
obtained from the known ion production cross sections for
Cl* + H2(35,2)? the absolute total cross sections for charge
transfer for 0* + H and S* + H were then obtained by
normalization to the known ion production cross sections for
0* and S* + H2<95>.

D.

The Atomic Hydrogen Source
The atomic hydrogen beam source is of the r.f. dis

charge- type <96) and is commercially available.

As shown in

figure 3.1, it consists of 24cm long, water cooled, pyrex
tube (discharge region) into which high purity H2 gas is
admitted by a palladium leak.

Part of the discharge tube is

surrounded by a coaxial cylindrical r.f. cavity, which is

Figure
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resonant at about 36 MHz.

The discharge is struck by feed

ing 20-30W of r.f. power into the resonator; this is
achieved by coupling the r.f. power via a single-turn link
coupling

(96)

to the 12 turn helix which surrounds the dis

charge tube inside the r.f. resonator; the helix and resona
tor are made from silver-plated copper.
Once the discharge stabilizes, the input power can be
reduced to about 11 W and the r.f. frequency may be tuned to
achieve maximum absorbition of the r.f. power.

In general,

the efficiency of the discharge, i.e. dissociation, depends
on input r.f. power and frequency, and H2 (or D2) pressure
inside the source.

The hydrogen pressure inside the tube is

always maintained at about 0.1 torr, with respect to the
background pressure of about 5 x 10*7 torr inside the target
chamber.
The color of the discharge is a good first indication
that the source is operating properly.

If the dissociation

of H2 is high, large amounts of Hydrogen atoms in the dis
charge will make their presence known by H - Balmer emis
sion, giving the glow discharge a soft magenta color.

The

dominant presence of H- Balmer emission in the discharge is
verified, by spectroscopic observation, using a simple
transmission-grating spectrometer.

It is found that, at

least in the visible region of the spectrum, H-Balmer lines
completely dominate the spectrum. It is of course known

(96)

that, at shorter wave lengths, the Lyman-series dominates.
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The dissociation fraction is found to be about 80%
on the average, and its determination shall be discussed
shortly.

After a recent cleaning of the source with high

purity hot acetone, hydrofluoric acid and ultra-pure H20,
the atomic hydrogen source displayed a measured dissociation
fraction of 95%.
The Hydrogen atoms and residual H2 molecules effuse
from the discharge region through a 2 mm bore capillary,
which contains an "S" shaped bend to "reduce uv light leak
age from the discharge"(97>, followed by an exit capillary of
about 20 mm length and 1 mm bore.

The lower part of the

r.f. source is clad in a copper shield which serves as r.f.
shielding and also prevents charge buildup on the exit
nozzle; this shield has been omitted from fig 3.1 for the
sake of clarity.

In the present configuration the atomic

hydrogen source is joined to the vacuum system by means of a
precision three-dimensional manipulator.

The range of

motion is approximately ± 6mm in the horizontal plane (i.e.
x,y direction), and about 10 cm in the vertical direction.
To determine the dissociation fraction f of the target
beam, i.e. the fraction of H2 molecules dissociated, recent
measurements by Gealy et al.(98> for the total
neutralization cross sections for H* + H (aH) and H* +
H2 (aH2) are used.

The collsional products with the r.f.

power off are
(a)

loff = kn aH2

where n is the number density of H2, and the proportonality
constant k depends on primary ion beam intensity, geometri
cal target thickness and the product collection efficiency
of the apparatus.

With r.f. power on, the density of H2 is

reduced to (l-f)n and the resultant H density is( 2/J2 )nf),
assuming that the temperature of the target particles re
mains the same.

This should be the case since many wall

collisions are required if the atoms and molecules are to
escape the capillary tube.

The yield of collisional

products is then given by
(b)

I*, = kn [(l-f)OH2 + 72 fcrH]

Equation a) and b) yield the dissociation fraction.

The known total neutralization cross sections for H" + H for
E lab » 200eV also enable us to determine the absolute values
of a#(E) and oct(E) for H* + H reported here; this normaliza
tion scheme gives results identical to those described in
section C, owing to the agreement between the measurements
of ae(E) of H* + H2 reported by Gealy et al.(98) and Huq et
al.(1> for E > 65 eV.
For the system of F" + H, the dissociation fraction may
be determined by a different method.

The system F

(2)

+ H2

exhibits a peak in the ion production cross section at a
relative collision energy of about 2.2 eV. By directly
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observing the diminuition of this peak when the r.f. is
turned on, an estimate of the dissociation fraction of the
r.f. atomic hydrogen source may be obtained; this value
agrees with that obtained via the above method to within
about 2%.
Recombination of hydrogen atoms may proceed by either

or

a)

three body volume recombination in the gas phase,

b)

surface recombination.

For this particular type of source, mechanism a) is
found to be negligible

(99)

and surface recombination has

been determined to proceed via the Eley-Rideal mechanism<99>,
in which reactions of adsorbed hydrogen atoms (adsorbed to
the surface of the source tube) with free gas atoms lead to
H2 molecules desorbing form the surface.

Based on these

assumptions, the surface recombination coefficient has been
calculated

(99)

for a pyrex surface and, as may be seen in

fig. 3.6., it compares very well with experiments*100'1 0 1 As
is evident from the figure, cooling of the discharge source
is of importance; at 300*K the surface recombination coeffi
cient of pyrex is found to be about 0.005., and rises dra
matically as T is increased.

Surface recombination coeffi

cients for various metals, which are considerably higher
than those for pyrex, are shown in fig 3.7 (100).

This

surface recombination coefficient, yH, has also been
determined for other materials and coatings.

For Teflon

yH » 4.5 x 10‘4 (99> at room temperature; for temperatures
below 2 0 "K,

Yh for

and copper treated with H3P04 (phos

phoric acid), is found to be similar to that of teflon.
Cryogenic layers of H20 on Cu are also found to reduce yh*
In general it is believed, that a layer of H20 on the dis-

(99%
> since the H-atom affinity

charge tube surface lowers Yh

of OH is greater than that of H; therefore surface recombi
nation of H2 may not proceed via the Eley-Rideal mechanism.
Excellent discussions of surface reactions may be found in
(99) and (102), and references cited therein.

To insure

that the inside of the r.f. discharge source is free of
contaminants, which is essential for low recombination rates
on the surface, three procedures are of utmost importance:
(i) a positive pressure of typically 0.1 torr must always be
maintained inside the pyrex tube;

(ii) the entire vacuum

system should be roughed down from atmosphere through a
liquid Nitrogen trap; and (iii) venting should occur only
with dry Nitrogen.
The vacuum vessel containing the atomic hydrogen
source is maintained under vacuum conditions even when not
in use.

Leaving the r.f. discharge on at all times is also

believed to enhance the dissociation fraction, i.e. "condi
tion" the discharge tube, since layers of borosilicates are
known to build up on the surface, and thereby reduce the
surface recombination coefficient.
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In the collision region the full overlap of the atomic
hydrogen beam with the ion beam is verified by scanning the
target beam across the ion beam and observing that this
induces a negiligble flux change in the product ion and
electron detectors.

Alternatively the same negligible

effect can be observed by slightly changing the voltage
across the two curved tracks, therefore sweeping the ion
beam across the target beam.

The target beam density is

chosen such that the ion beam attenuation is less than 5%;
therefore effects of multiple collisions are negligible.
The crossed beam apparatus is interfaced to an IBM
personal computer by way of a IEEE-488 control protocol,
allowing automatic data acquisition; the computer adjusts
the primary ion beam energy, and some lens element voltages,
and monitors product count rates and ion beam intensity.
Since it takes about 20 min. to collect a typical set of
collision data for a particular reaction, over the laborato
ry energy range of a few eV to 400eV, each experiment may be
repeated a large number of times.
The measurements determined with the crossed-beam
apparatus are repeatable to within 10%.

Using the transmis

sion functions determined with H* + 02, previous cross
section measurements of ae(E) in H* + H2(1) and at(E) and
act(E) in D

(36)
+ 02
can be reproduced with this apparatus to

well within their experimental uncertainties.

The uncer

tainty in the ratio o^/a^ at E lab = 125eV, as reported by

Gealy et al., is ± 10%; the determination of the dissocia
tion fraction is reproducible to within ±5%.

Additional

uncertainties in the measurements amount to less than ±10%.
Therefore the uncertainty associated with the measured cross
sections, reported here, is determined to be less than ±15%.
In the following chapter, the experimental results for
the collisions of H*, o', F*, Br*, I*, 0* and S* with atomic
hydrogen, for laboratory energies between about 5eV and
500eV, will be presented and discussed within their
theoretical context.

Chapter IV
RESULTS AND DISCUSSIONS

In this chapter the results for measurements of the
total absolute cross sections for charge transfer, oct(E),
and electron detachment,

0a(E), for low energy collisions

of a variety of negative ions with atomic hydrogen will be
presented.

The range of laboratory energies investigated in

this study extends from a few eV to about 500eV, and all the
measurements were performed on the crossed-beam apparatus
discussed in Chapter III.

Whenever possible the results

presented here are compared to previous existing
measurements and discussed within the context of existing
theoretical models.
A.

H (P ) + H
1.

Background
In a low energy collision of H' with H there are

several processes which are of fundamental interest:
associative detachment,
H' + H - H2 + e‘,

(1)

collisional (direct) detachment,
H* + H - » H + H + e'
and charge transfer,
60

(2)
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H' + H - H + H'

(3)

Because of its fundamental character the system of h * + H
has received considerable attention in the past, in
particular from a theoretical point of view.
Reaction (1) has been studied theoretically by Bienieck
and D a l g a m o <103> and Brown and Dalgarno000, and its thermal
rate constant has been measured by Schmeltekopf et al(105>.
The H2 system has received attention primarily in the
context of e* + H2 collisions, both theoretically (52,'52b*106)
and experimentally(8), in particular in regard to vibrational
excitation and dissociative attachment.

Although the

calculations reproduce some qualitative aspects of these
scattering processes, they fail to predict the correct
isotope shift.

The reason for the interest in e* + H2

collision lies partially in the fact that it is often
assumed that the intermediate quasimolecular complex H2"
formed during such a collision is identical to that formed
in reactions (1) - (3).

Thus, direct detachment and charge

transfer processes have also received considerable
attention.

Based on a general theory of slow atomic

collision, first elaborated by Massey and Smith<107>, Mott and
Massey<108>, and Bates, Massey and Stewart(109> charge transfer
cross sections for H* + H have been calculated by Dalgarno
and McDowell<110> for relative collision energies between lOeV
and lOkeV.

Experimentally, Hummer et al.(40> have found good

agreement with those calculated cross sections between 0.l

and 1.0 kev, and fair agreement from 1.0 to lOkeV.

Their

results show that oet(E) decreases monotonically with
Increasing energy up to about l keV; however above that
energy the cross section falls off faster than predicted,
largely due to the failure of the perturbed stationary state
(PSS) theory to account for momentum transfer.

In the PSS

approximation, utilized by Dalagarao and McDowell(110>, the
interaction energies of H2* are calculated, over a range of
i n t e m u c l e a r separations, by expanding the system wave
function in terms of electronic states of the quasi-molecule
formed by temporarily fixing the position of the nuclei.

It

is then assumed that only the two lowest states are involved
and that the relative motion of the colliding particles may
be treated as a perturbation which changes the effective
interaction energies.

The cross section is then calculated

semiclassically by a JWKB approximation to the
phases

(108 109)

'

, and detachment channels are neglected.

Hummer et al.(40> also measured direct detachment cross
sections for relative collision energies between 0.1 and
10 keV.

They are in good agreement with the calculated

oc(E) of Bardsley c111) for energies between 0.4 and 2.0 keV.
This latter calculation is based upon a local complex
potential (L C P) model and predicts that, for energies up
to 10 keV, o#(E) decreases monotonically with increasing
energy.

Above 2.0 keV however the detachment cross sections

measured by Hummer et al. seem to agree qualitively more
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with calculations using the Born approximation by McDowell
and Peach<112>.

Bards ley also reevaluated the charge-transfer

cross sections of Dalgarno and McDowell by incorporating his
results for electron detachment and found excellent
agreement with the measurements reported by Hummer et
al.<40>, in particular at energies above 1.0 keV.

In the LCP

model, utilized by Bardsley, it is assumed that there exists
an internuclear separation, Rg (see figure 4.0), such that
for all R < R,. the potential curve of the intermediate
molecular anion complex (X' + X ) , formed during the
collision, lies above the continuum of states formed by X2 +
e‘ (at oo), and is therefore unstable.

For relative

collision energies larger than V(RC) this region is
accessible and the temporary anion state (X2 ) in this
region is assumed to possess a finite lifetime, described by
an imaginary part of the potential:

(4.1)

u(R) * v(R) -

i r m
2

here T(R) is referred to as the decay width of the anion
state, related to the lifetime by
(4.2)

r (R) - V F ( R )

with the restriction that r vanishes for R > Re.

If for

example only one state is involved to describe either (X'2)
or (X2 + e' (at »)), then the detachment probability may be
written as a function of the impact parameter b
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(4.3)

Pd(b) J i - e J - ^ r S ^ ) RdR.]

[

*\ YivJb

This model has also been successfully applied to
describe direct detachment in H'(D') +He(113'114), and
associative detachment in H‘ + H at thermal (» 300°K)
energies'111'104'103'90'10” .
At present, not many experiments have been reported
which further elaborate on the results of Hummer et al.<40>
Geddes et al.(115) studied total stripping and H* production
in collisions of H* + H in the 1-300 keV range, and a more
recent experiment by Gealy et al.(98> determined total
neutralization cross sections for H* + H for collision
energies between 60eV and 2keV.

Although the latter

measurements extend far lower in energy than those of Hummer
et a l ., the individual contributions of electron detachment
and charge transfer to the total neutralization cross
section were not determined.

Esaulov(116) has reported

differential electron detachment cross sections for
H (D ) + H, and his results suggest that oa(E) does not
increase with decreasing energy but remains relatively
constant down to about 100 eV.
In what follows, measurements of the total electrondetachment and charge-transfer cross sections, obtained with
the crossed-beam apparatus, will be presented and discussed.
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2.

Charge transfer in H'(D*) + H

The measured cross sections for charge transfer are
shown in Figure 4.1 as functions of E/m, where E and m are
the relative collision energy and reduced mass of the
reactants respectively.

As may be seen in the figure, the

cross sections are quite large at low collision energies and
decrease dramatically with increasing energy.

This is

usually expected in resonant charge transfer, e.g. for
atomic alkalis and their anions a similar energy dependence
of the charge transfer cross sections has been calculated017’
and experimentally verified018’ for relative collision
energies between about 400eV and 1.0 keV.

Similar results

also exist for resonant charge exchange in o' + 0(41>.
The present results of oct for H* + H overlap and agree
quite well with the earlier measurements by Hummer at al.(40)
for E > lOOeV.

As may be seen in fig 4.1 the measurements

of oct also display an isotope effect for the projectiles H*
and D'; over the range of laboratory energies investigated,
the charge transfer cross sections for H" + H and D* + H
appear to be identical at the same collision velocity.
The difficulty in theoretically assessing the charge
transfer (and electron detachment) cross sections for H* + H
lies mainly in the problems associated with determining the
energies of the H2* resonant states.

Figure 4.2 shows a
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schematic of tha two lowaat states of H2 and H2<119).
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of the H‘ + H system, substantial disagreements exist
between the calculated states of H2* (see Amaya - Tapia et
al.(120) and references cited therein for an excellent
discussion on this point) in general in regard to the
crossings of the 2SU and 2Zg states of H2' with the H2
continuum and, in particular, the magnitude of the energy of
the 2EU statec121).

However, it is clear that the molecular

anion becomes unstable for all internuclear separations
R < Rj y, where the 2Zgu states of H2' cross the continuum of
states of H2 + e'(at ® ) .

The behavior of sct(E) may then be

understood with a simple semiclassical model in which the
nuclei are assumed to move classically and the electrons
adjust adiabatically, always remaining in eigenstates of the
electronic Hamiltonian.

This assumption is reasonable for

low collision energies, since there the collision velocity
vc «

ve., the orbiting velocity of the loosely bound

electron on the anion; e.g. for a relative collision energy
of 13.6 eV the de Broglie wave length of the electron in the
H - atom is about (nip/m,.)1/2 « 42 times larger than the de
Broglie wave length associated with the proton in H'.

If <p9

and 0U denote the two states of H2* shown in Fig. 4.2, and
Eg(R) and EU(R) the respective energies, then the initial
state for the collision, with the extra electron on the
projectile p, may be written as

(4.4)

?p = (1/7 2 ) (0g + <pu)
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During the collision the two states evolve independently and
accumulate different phase factors, such that after the
collision the final state is given by:

¥# - (1/7 2 ) [ *g exp(-i
*
(4.5)

J

Eg (R) dt)

J

- 00

+ <pu exp (-1

Eu (R) dt)

]

.

*00

Due to the relative phase the final state Yf is partially in
a charge-transferred state with the extra electron on the
target t , i.e.

(4.6)

¥t - (1/72)

(0g - 0U) .

The probability for charge transfer is then given by the
inner product |<Yt|¥f>|Z» or

(4.7)

P > sin2

|

j•

\
0

The potential difference EB(R)-EU(R) » A(R) may then be
fitted to, e.g., the calculations of Bardsley
et al.(52,,b;122), such that A(R) is given by

(4.8)

where A(R)

A(R) - 11.4 e 0-473*/R

is in eV and R in A.

,

Since from Fig. 4.2 it may

be seen that H2* is unstable for small R, and the lifetime
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of H2* in this unstable region has been estimated to be
about 10'16sec.<8), which is almost one order of magnitude
shorter than the collision time, it is reasonable to assume
that in this region the detachment probability is equal to
unity.

Therefore charge transfer is due exclusively to

collisions with large impact parameters b.

The trajectories

of the nuclei for those large values of b may be approxi
mated by straight lines; from Figure 4.3(a) one may then
approximate X2 - R2 - b2 and eq.

(4.7) can be rewritten as:

r®
P - sin2 ( -jfoJ (Eg ~ Eu) dx )
o

(4.9)

Upon substitution of the expression for A(R)
eg.

(eq. 4.8) into

(4.9), the charge transfer probability is then given by:

(4.10)

P(b,v)-sin!

(itfj

$ £ , » < « )

O
This expression may then be evaluated numerically, an
example of which is shown in Figure 4.3(b), where P(b) has
been calculated for a relative collision energy of about
lOeV.

From the Fig. 4.3b it is evident that, for b < 3A,

P(b) oscillates rapidly and may be approximated to be
constant, i.e.
P(b) » 1/2

for

b < 3A

Sample calculations show that P(b) shows very similar
oscillatory behavior for relative collision energies much

72

%• Vt

Figure 4.3(a)

Schematic of a straight line trajectory
for equations 4.9 - 4.11.

P(b
H" ♦ H — H * H“

b(&)

F ig u r e

4.3 (b) Charge transfer probability for H" + H
fro m equation 4.10

.
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smaller or larger than lOeV.

From Figures 4.3(a) and 4.2 it

then becomes evident that there exists three regions of
interest: for R < R„ the charge transfer probability is zero
and detachment dominates, and for R > Rg the probability for
charge transfer is given by eg. (4.10).

For R„ < R < Rg the

charge transfer probability is approximated by 1/ 2 , however
the part of the system which evolved along the repulsive 2Zg
curve is no longer available for charge transfer, but is
assumed to autodetach with unit probability.

Thus for

R„ < R < Rg ,P(b,v) » 1/4, and it follows that the cross
section for charge transfer is then
(4.11)

where P(b,E) is given by eq.

(4.10).

Equation (4.11) has

been numerically evaluated to calculate oct(E), and the
result is in excellent agreement with the measurement
reported here, as may be seen in Fig. 4.1.

The above

equations also explain the observed isotope effect of act
for the projectiles H" and D'.
The result of the calculation for <Jct by Dalgarno and
McDowell(110>, which did not account for electron detachment,
is also shown in Fig. 4.1, as well as a subsequent
calculation by Bardsley c111)which includes corrections for
electron detachment.
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3.

Electron detachment H'(D*) + H
Figure 4.4 shows the experimental cross sections for

electron detachment at(E) as functions of relative collision
energy.

For collision energies larger than the E.A. of H,

i.e. 0.75 eV, both direct and associative detachment are
energetically allowed, whereas below that collision energy
only associative detachment occurs.

In the measurements

reported here no distinction can be made between these two
detachment processes.

For a comparison with the present

results previous measurements of <j# by Hummer et al. <40), for
higher collision energies, are also shown in Fig. 4.4, as
are the results of a, derived from the differential energy
loss spectra for the H* + H collisions by Esaulov(116>.
detachment cross sections for the H

The

and D" projectiles are

the same when compared at identical collision energies.
Between 200 eV and 10 eV they are approximately constant,
13A2, and decrease with decreasing collision energy below
10 eV.
The qualitative behavior of the total electron
detachment cross section oc may be understood in terms of
the potential curves presented in Fig. 4.2.
approaches H both the 2Eg
populated.

As the H*

and 2ZU states are equally

The 2EU state crosses into the 1Zg continuum at

Ry » 1.6A and is unstable for all R < Ry.

The unstable 2ZU

state is a shape resonance, and consists of one antibonding
and two bonding orbitals, i.e. a (2p<xu) electron bound to a

1

10

100

1000

E (qV)
Figure 4.4 Total cross sections for electron detachment.
H~ + H (open circles) and D“ + H (solid circles)
The crosses
are experimental results from
ref.116 and
the solidline summarizes the
experimental results of ref.40.The dashed line
a calculation of ref.104, and the two adjacent
solid lines for E < 10 eV represent associative
detachment cross sections from the low energy
(E*0.13 eV) calculation of ref.103. The dasheddot line is
the lowerlimit on direct detachment
for H” and D ” + H .

(ls<rg)2 core.

This "weakly bound" state decays into its

parent 1Sg(lsog)2 state, when the electron tunnels through
the p-wave centripetal barrier associated with the (2pau)
orbital.

The lifetime of this ^

state is known from

measurements of vibrational excitation of H2 by low energy
electrons (8), and is about l0"16sec., which is approximately
one and a half orders of magnitude shorter than the
collision time at about 30 eV.

Therefore the 2ZU state

formed during the collision will decay with almost unit
probability, and it contributes a cross section of (r/2) R^
to the total electron detachment cross section.
Similarly, electron detachment via the 2Zg state occurs
when it crosses into the continuum at R, s 2.6A.

For R < Rg

it may then decay into the parent 3SU and 'Eg states.

The

2Sg state consists of a (2pau) electron bound to a (lsog)
(2pau) core of the 3ZU excited configuration of H2; this
(lsog) (2pau) configuration of course leads to two ground
state H atoms as R tends to infinity.
the 2Zg

Therefore a decay of

state into 1Zg is less probable than the decay

z£g -* 3ZU, since the former requires a rearrangement of the
molecular core.

This has been confirmed by Esaulov(116> in

measurements of energy-loss spectra in H

+ H collisions.

Thus the decay 2Zg -* 3ZU contributes a maximum of (x/2)Rg2 to
the cross section <rt.

If Rg and Ry are taken to be 2.6A and

1.6A respectively, and upper limit to the electron
detachment cross section may be estimated to be a# » 15A2.
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This value is slightly larger than the present measurement
for E > 10 eV, shown in Fig. 4.4, which suggests that the
above crossing radii are perhaps too large or that the
detachment probability at R ^
unity.

is possibly somewhat less that

The decrease in o,(E) for E < 10 eV is probably due

to finite thresholds of the direct detachment channels; the
3SU state of H2 is always repulsive, and detachment from the
2Zg state to the 3SU state has therefore a threshold in
excess of the electron affinity of H.

A calculation of the

detachment cross section oa(E), within the framework of the
LCP model, has been made by Browne and Oalgarno(104> and is
also shown in Fig. 4.4.

In this calculation the relative

contributions of the 2Zg and 2ZU states of H2' to the electron
detachment cross section were evaluated individually, and
the calculated total detachment cross section shows the
usual decrease with increasing energy above approximately
100 eV, but a relatively constant cross section of about
15A2 between 100 eV and 10 eV, and a decreasing ov below
10 eV.
Browne and D a l g a m o (104) also calculated the rate
constants for associative detachment using real components
VU(R) and Vg(R) of H2" which were modified to include the
complex components ru and rg from Bardsley et al.(106) and
also account for long range effects of the polarization
potential.

Their calculated results show that the

contribution of the 2ZU state to A.D. dominates, even above

thermal energies (I.e. even at « 8000«K).

in fact, the rate

constant for A.D. from the 2ZU state is on the average about
three orders of magnitude larger than the rate constant for
A.D. from the 2Zg state, whereas for direct detachment
contributions from the 2Zg state dominate for relative
collision energies above about 3 eV.

The cross section for

associative detachment ow (E) has been calculated (103> to be
22A2

for E ” 0.13 eV.

An upper limit for (^(E)

for

E > 0.13 eV may be estimated by assuming that am is
inversely proportional to the collision velocity, i.e. by
assuming that the rate constant is independent of the
collision velocity.

This upper limit on am is also shown

in Fig. 4.4, for H* and D' projectiles, for 1 < E < 10 eV.
If this estimated upper limit aw is subtracted from the
observed at, then the resulting cross sections, which are
then presumably for direct detachment only, are
approximately the same for H' and D' projectiles for a given
relative collision energy.

This is in accordance with an

LCP model for electron detachment in the case where the
lifetime of the state is short, which certainly is the case
for the Hz' quasi-molecule.

Furthermore, the decreasing

tendency of the, presumably, lower limit on the direct
detachment cross section, also shown in Fig. 4.4, gives
further credence to the assumption that the energetic
threshold for direct detachment is in excess of the electron
affinity of H, possibly by as much as 0.5 - 0.8 eV.

This
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observation also supports the conclusion that the crossing
point, Rg, of the 2Sg state with the H2 continuum is slightly
less than 2.6A.
The experimental results for a# and aCT for H* and D'
projectiles are summarized in Table 2 for each of the
laboratory energies sampled in this study, and as mentioned
in Chapter III, the uncertainty in the cross sections
presented are ±15% for all collision energies, and are
indicated by a fev representative error bars in the figures
4.1 and 4.4.
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Table 2 Charge transfer and electron detachment
cross sections for collisions of H“ and
D~ with H.
Laboratory collision
Energy
(eV)
7
8
9
11
13
16
20
23
33
30
70
90
120
160
200
230
300
330
400

H" Projectile(A2)

D" Projectile(A2 )

o.

Oct

o,

Oct

7.2
7.8
8.4
9.1
10.3
10.9
12.8
14.0
13.0
12.8
12.8
13.0
13.0
12.3
12.3
13.0
13.0
13.0
12.7

134
116
110
104
107
101
98
94
82
74
68
66
59
59
53
43
35
32
28

7.8
7.0
7.4
8.6
9.0
10.0
10.0
11.4
13.0
12.6
12.0
12.9
12.7
12.0
12.0
12.7
13.0
12.8
11.8

165
140
131
127
116
113
104
97
103
99
87
84
79
74
68
60
53
48
42
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B.

Halogen Anions + h
In this section the results for measurements of the

total cross sections for electron detachment for collisions
of F , Br' and I* with atomic hydrogen will be presented and
discussed.

As mentioned in Chapter III, for the systems F',

Cl* and Br* + H no charge transfer signal has been observed,
and it is determined that, over the laboratory energy range
from 5eV to 500eV, charge transfer cross sections have an
upper limit of about O.oeA2, viz., the experimental
resolution of the crossed beam apparatus.

For collisions of

I* + H, a very small charge transfer cross section has been
observed and will also be presented here.

For low energy

collisions of halogen anions with atomic hydrogen, electron
loss occurs via associative detachment
X* + H - XH + e* ,

(1)

and collisional (direct) detachment
X ' + H - X

+ H + e *.

(2)

All of the halogens have an electron affinity (E.A.) of
about 3.5 eV; reaction (2) may only proceed for relative
collision energies above the E.A., whereas reaction (1) is
exothermic (with the possible exception of I* + H) and hence
allowed at all energies since the binding energy of the
product halogen-hydride molecule, D(XH), is larger than the
electron affinity of the projectile.

This exothermicity,

D(XH) - E.A.(X), is 0.82 eV for the example Cl* + H.
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The mechanisms which lead to detachment for these
systems may be discussed with the aid of the molecular state
potential curves shown in Fig. 4.5<ia>.

if x' approaches y

at sufficiently high collision energies along curve (a) such
that the crossing point (i) is reached, then the xy" system
becomes unstable with respect to autodetachment.

The

product molecule formed would be left in a high vibrational
state or could possibly be unstable.

In particular, if

detachment occurs above the dissociation limit of xy, the
collision would lead to products x,y, and e*.

If the

approach occurs along the attractive curve (b), then the
crossing point (ii) may be reached even at very low
collision energies, leading to autodetachment with products
xy and e".

If however the attractive curve,

(c), which

describes x' + y has a minimum which lies below that of xy
the collision may still lead to detachment.

If the

equilibrium radius of xy* is sufficiently greater than that
of xy, the molecular anion curve may still cross into the
neutral continuum,

(iii), and become unstable toward

autodetachment, leading to products xy + e‘.

The quasi-

stationary states of xy' inside the autodetaching region may
be described by complex potentials, such that the lifetime
of the state (xy ) is described by its width r in the
autodetaching region r * h/r(R), as in equation 4.1 and 4.2.
If the width T(R) is large, i.e.

the lifetime is short,
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(a)

E. A.

V(R)

XY"

Inttrnuclior S tpora tion R
Idealized potential curve for detachment
processes leading to products XY + e“
or X + Y + e" .
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then the detachment cross section becomes only dependent
upon the maximum impact parameter for which the
autodetaching region may be reached, and the detachment
cross section becomes

<*d - g<(* R?)
where g, is the statistical weight of the state.

For HCl',

the lifetime of the autodetaching state has been determined
from electron scattering experiments024’ to be about
3.5 x 10'1S sec. or approximately one order of magnitude
shorter than the vibrational period of HCl, which is about
10-14 sec. (125).
The following section will provide a brief closer look
at the associative detachment process via the example
Cl’ + H.

1. Cl' + H
Of all the halogen hydrides, Cl'+H has received by far
the most attention from a theoretical point of view, mainly
due to the wealth of experimental measurements for e* + HCl
which exists for that system.

The rate constant for A.D. in

Cl* + H has been measured at thermal energies (« 0.040 eV)
by a number of authors*68,90,91>.

in general good agreement

exists between the measurements, all yielding a value of
about 9.5 x 10"10 cm3/sec.

For the associative detachment

process in Cl* + H, the product vibrational distribution has
also been determined at room temperature by
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Zwier et al.(39), who found that the exothermicity of the
A.D. process (» 0.82 eV) is shared by the v-0,l,2 levels of
H C 1 , such that the ratio of product vibrational populations
N(v»2)/N(v-1) ” 0.60, i.e. the v»l channel dominates, and it
is furthermore found that A.D. to the v-0 channel is even
less likely.

The quasimolecular intermediate state,

(HCl"),

has also been investigated through electron scattering
experiments, mainly those of Rohr and Linder(126>, who
measured energy loss spectra for vibrational excitation for
e" + HCl and e*+ HF.

In both cases the integral cross

sections for vibrational excitation showed strong threshold
peaks in each channel and broad resonance maxima at
collision energies of about 2-3 eV, and are furthermore
strongly isotropic in angle, indicating pure S-wave
scattering.

Dissociative attachment processes for HCl

targets have been experimentally investigated by Azria
et al.(127>, who found that the peak cross section for Cl'
production exceeds that for H* production by about two
orders of magnitude.
The problem associated with a theoretical description
of all these experimental measurements lies mainly in the
definition of the intermediate HCl’ state.

The large

thermal rate constant indicates an HCl* potential which is
attractive into the autodetaching region, and is often
described by a resonance state description which is based on
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a local complex potential'38'12** that crosses into the
continuum at an internuclear separation, R - Rc.

For

R < Rc the lifetime of the HCl* intermediate is represented
by its width T(R), and the detachment probability increases
with the amount of time spent in the region R < Rc.

The

product vibrational distribution of HCl is determined by the
distribution of internuclear separations at which detachment
occurs.

The above description requires that T(R) vanishes

for R > Rc, and also neglects non-adiabatic coupling due to
the relative motion of the nuclei.

Although the resonance

state description has been able to explain some aspects of
Cl* + H scattering, such as thermal rate constants and
product vibrational distributions, several authors have
pointed out'38,39,23,126* that the experimental features of the
electron scattering experiments are not satisfactorily
described by a resonance state picture; in some instances a
total of six states of HCl* (e.g. electronically excited
states - some relating to Cl + H*) have been proposed 1281 to
explain the energy loss spectra observed by Rohr and
Linder'126*.
An alternative description of A.D. in Cl* + H (and F* +
H) may be found in the zero radius potential (ZRP)
approximation by Gauyacq'37,23* which has also been
successfully applied to explain the isotope affect found
in direct detachment for H* + Ne <1U'129'130>.

This ZRP model,

which follows earlier work by Demkov'131*, is based on the

assumption that detachment will occur for internuclear
separations, R, near but larger than Rc, where the electron
binding energy e(R) is small, and its wave function very
diffuse.

That means that the wave length of the electron is

much larger than R, and the probability that the electron
remains outside the transient molecule is large.

Then two

regions of R are treated differently; the outer region where
the electron is treated like a free particle, and a
molecular core where the electron feels a short range
attraction due to a time dependent effective potential , v,#f.
In the ZRP approximation the core radius approaches zero and
Vfi. is approximated by a delta-function potential.

The

interaction of the electron with the molecule is completely
described by the boundary condition on the radial electron
wave function (r =• electron coordinate), viz.,

(4.12)

1
"

= f(R)
° r r-0

If f(R) < 0 a bound state exists, and if f(R) > 0 no bound
state exists (virtual state).

At the internuclear

separation, RN, where f(R) -► 0, the X* + Y curve merges into
the XY potential curve.

The total Hamiltonian is then

separable into nuclear and electronic variables, and the
total wave function is expanded as a product of free
electron wave functions, FEN(r), with free molecular wave
functions, FM^R), subject to the condition that the sum of
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the individual energies of the FE and FM is equal to the
system energy:
(4.13)

Tt * I A , FEm (r)FMh (R) .

This expansion is the same which is used to describe e‘ + XY
scattering, and in fact each term in the sum corresponds to
a channel in electron molecule scattering.

If enough terms

are included in the sum, the wave function will correspond
to two separated atoms as R -* -no, one with an additional
bound electron, i.e. the initial state of X' + Y scattering.
For R > R^ f(R) may be approximated by f (R)»- (2e (R))1/2,
since in that region the electron wave function is
proportional to (e*kr)/r, where k » J2€ (R).

For R > R* the

extraction of f(R) is system specific and rather difficult:
it depends on the shapes of the potential curves, which are
not often known.

The potential energy curve for Cl* + H,

used in the calculation by Gaugacq (37), is shown in Figure
4.6(a), as is the polarization potential Vp and the 2n and
2ZE states of H’ + Cl from O'Neil et al.(132).

The function

f(R) is expanded around the molecular equilibrium radius R,
of HCl, to first order(128>
(4.14)

f(R) - f0 + f, (R - R.),

where the constants f0 and ft are determined by comparison
to the experimental results of Rohr and Linder<126> and by
taking polarization effects into account.

The constants are
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R( A)
Cl

m

E(eV)

V II

Figure 4.6 Schematics of the lowest states of HCl- (ref.37,132)
and H F - (ref. 143) . The neutral HCl and HF potential
curves are approximated with Morse potentials<125)

(in a.u.) determined to be f0 « 0.1215 and f, - 0.6 <37).

The

detachment probability may then be calculated numerically
from the boundary condition (4.12) and the free particle
Schrodinger equation, by projection onto the bound
eigenfunction Y as t -» 0 <a,37).

For associative detachment

in Cl* + H the thermal reaction rate has been calculated by
the above method to be about 9.5 x 10*10 cm3/sec., which
agrees extremely well with the experimental measure
ments^ ' 90,91}.

Gauyacq also calculated the associated product

vibrational distribution and found very good agreement with
the experimental results of Zwier et al.<39>.

Finally, the

total electron detachment cross sections were calculated'90,
and are shown in Figure 4.7.

For relative collision

energies below the E.A. of Cl (3.61 eV) only associative
detachment occurs, and oa(E) decreases with increasing
energy up to » 3.61 eV, above which direct detachment is
also energetically possible, and aa takes on a constant
value of about 6 .5A2.

The calculation shown in Fig. 4.7

used the ZRP approximation for 0.025 £ E £ 0.6 eV, whereas
for E £ 4 eV, aa(E) was determined by means of an effective
range theory (ERT)C9°, which is based on previous work by
Fabrikant'1331, Gauyacq'130, and Teillet-Billy and Gauyacq'921.
In the ERT, which is essentially an extension of the ZRP
approximation, a boundary condition on the wave function is
imposed, in
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Figure

4.7 <7# (E) for Cl“ + H . Open circles are from the
calculation of refs.37,94 .The solid line is
the Langevin limiting cross section. Solid
triangles represent rate constant measurements
of ref.90, and the solid circles are present
results.

addition to equation (4.12), which takes into account long
range polarization forces on the electron*92’.

For Cl' + h ,

the ERT calculation shoved that the detachment probability
P(b) depends only on the impact parameter b and is
essentially independent of energy for E £ 4 eV.

Examples of

P(b) are shown in Fig. 4.8 for relative collision energies
of 4 eV and 20 eV.

For b £ 1.38A, P(b) » l, whereas for

b > 1.38A, P(b) decreases rapidly to zero at b s 1.9A.
Although somewhat different methods were used to calculate
the total detachment cross section at low and high energies,
tests in the 4-20 eV range shoved that both methods yield
similar results

(94)

.

Between 0.6 < E < 4 eV, the a#(E) shown

in Fig. 4.7 is the result of extrapolations from these
Also shown in Fig. 4.7 are the measurements

calculations.
of Fehsenfeld

(90)

, and a few representative low and high

energy measurements obtained in this laboratory.

These

absolute measurements were obtained by normalization to
known detachment cross sections for Cl* + H2(Z), as described
in Chapter III, and reasonable agreement is found with the
calculation

(94)

and previous measurements

(90)

.

Very recently, the associative detachment rate constant
for Cl* + H has been calculated by Haywood and Delos<93>
(1990) within the framework of a close coupling theory.

In

this calculation the system wave function is expanded in a
set of electronic basis functions which has a single
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discrete state and a continuum; the nuclear motion is
treated quantum mechanically.

The collision is described by

a set of coupled equations which are then reduced to a
single integrodifferential equation for the nuclear motion.
The rate constants for associative detachment in Cl' + H are
then calculated for relative collision energies between
about 50 meV and 150 meV, and are found to be in excellent
agreement with the calculation of Gauyacq<37> and the
measurements of Fehsenfeld<90> and Smith and Adams(68>.
Thus electron detachment for Cl' + H may be summarized
by the following:

for relative collision energies

E < 3.61 eV only associative detachment occurs and results
in a rovibrationally excited HCl product population which is
dominated by v - 1.

This is to be expected since the

electron can not carry away much angular momentum, and only
a small amount of translational energy*23' 37), in general less
than one vibrational quantum of energy.

Therefore, most of

the exothermicity is shared by the internal degrees of
freedom of the product HCl.
section scales as (E)'1/2.

At low energies the A.D. cross

For E > 3.61eV, the total

electron detachment cross section reaches an asymptotic
value which is given by the geometric cross section *RC2,
where Re is the point where the Cl'+H potential curve begins
to merge with that of neutral HCl as shown in Fig. 4.6(a).
This critical radius is Re » 1.44A

and a% » 6.5A2, which is
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in agreement with the present measurements of o, at about
lOeV.
Finally a few words about charge transfer.

For

collisions of Cl*+H, charge exchange leading to H*+Cl is
endothermic by 2.85 eV and hence can not occur for
laboratory energies below lOOeV.

From Fig. 4.6(a) it may be

seen that the two lowest states of C1+h" are repulsive
outside the autodetaching region, and do not approach the
ZE* state of Cl'+H.

Since the lifetime of HCl' inside the

autodetaching region is very short, charge transfer would
have to occur before either of the curves cross into the HCl
continuum.

The charge transfer probability is roughly

proportional to exp(-AE(R) a ^ v ) , where AE(R) would
represent the energy difference between, e.g., the ZE*state
of Cl'+H and the 2II of H+Cl.

From Fig. 4.6(a) this

AE(R) > 2.85eV, and the charge transfer probability is
expected to be small for the range of laboratory energies
sampled in this study.

Other calculations of the ZII and 2Z2

states of H'+Cl exist.(135>

However, neither of the

potentials are attractive enough to indicate a AE(R)
significantly less than the above value.
In conclusion it may be stated that the electron
detachment cross section for Cl'+H is well characterized for
laboratory energies below 500eV.

We will take advantage of

this by using Cl'+H as a model system, to be used to
normalize the results for other reactants.
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2.

F* and Br'+H

The electron detachment cross sections for F+H,
obtained with the crossed beam apparatus, are shown in
Figure 4.9 as a function of relative collision energy.

Also

shown for comparison are the associative detachment cross
sections inferred by the thermal rate constant (k)
measurements of Fehsenfeld

(90)

(solid triangles) which is

reported to be about 1.6 x 10‘9 cm3/sec.
for A.D. in F

+ H have also been experimentally determined

by Smith and Adams
k si.5 x 10

-9

Rate constants

(60)

, who obtained a value of

3

cm /sec at thermal energies.

This result

agrees quite well with the measurement of Fehsenfeld;
however at the slightly higher temperatures of 515K Smith
and Adams found a rate constant of » 8 x 1 0 10 cm3/s, which
yields a cross section ot » 27A2, or half the value expected
from the measurement of Fehsenfeld.
the cross sections for F + H

As seen in Fig. 4.9,

determined in the present

experiment show good agreement at the lowest energies with
the result of Fehsenfeld.
For low collision energies, the associative detachment
cross sections may be modeled by a classical orbiting theory
which has been initially developed by Langevin <136>, and
later utilized by Gioumousis and Stevenson(11>.

It describes

the reaction of a point-charge with a neutral molecule or

97

0.01

0.10

1.00

10.00

100.00

40.00-

-40.00

30.00-

-30.00

a(E)
(sq.A) ‘
20. 00 -

E.A.(F)

10.0 0 “
Q'-Oft.OOOGO

0.00
0.01

O

-

20.00

-

10.00

I

0.00

0.10

1.00

10.00

100.00

E(eV)

Fi on re 4.9 <J#(E) for F~ + H
The solid diamonds are the
present measurements; the solid triangles are
from the rate constant measurement of ref.90, and
the solid square from the measurement of ref.68.
The solid line is the Langevin orbiting cross
section and the open circles are the <Ja(E)
for Cl“ + H from ref.94.
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atom via a long range, charge induced dipole potential,
given (in the CGS system) by
(4.15)

V(R) - -(aez^/2R4

where R is the internuclear separation and a the
polarizability of the target.

In the center of mass frame

the energy is

(4.16)

E - pJ/2M + V#ff>(R,L) ,

where

(4.17)

V#ff> - V(R) + L2/2 m R2 ,

and L ” /wb, v is the relative velocity before the
collision, P„ the radial momentum at separation R, and b the
impact parameter.

Due to the L-dependence of

a given

trajectory must reach the critical value of R (■ Rc) for
which Vtff. - V^..

This value of R is determined in this

case by the potential given in equation 4.15, i.e.
Rc» (ae2/Eb2)*, and the maximum value of L, for a given E,
for which the charge spirals into the atom, is L^*(8/i2e2aE)4.
If one assumes that the reaction probability is unity for
all R £ Re, and zero otherwise, then the Langevin reaction
rate is given by
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« 2we(a/n)% ,

(4.18)

For impact parameters b less than bL - (aez/2E)*, a reaction
occurs with a Langevin cross section of

(4.19)

oL - rbf - k^/v - (2re/v) (<*//*)* .

If the reaction probability P(b), for o £ b £ bL, is not
equal to unity (but still independent of collision energy)
then(137>

a - / 2rP(b)bdb

(4.20)

0
This Langevin cross section, given by equation 4.19, is
also shown in Fig. 4.9, where for the atomic hydrogen target
a has a value of 0.7A3 (1M).
sections for F + H
for E < 3.4 eV.

The measured A.D. cross

agree well with the Langevin prediction

However, a note of caution is necessary;

although some systems in fact do display cross sections
given by equation 4.19, e.g. He* + N2 -► N* + N + He <139>, or
the above case, it is more often than not found to be in
disagreement with measurements^40'U1,U2>, and is in general
considered to provide only an upper limit on the cross
sections at very low energies.

The Langevin model is

classical and assumes a continuum of impact parameters,
orbital angular momenta L, an assumption only good if

i.e.

100
L »

h.

Furthermore V(R) is most often not adequately

described by a simple polarization potential and in many
cases an induced quadrupole moment becomes important.

Also

it is assumed that for b > bL the reaction probability P is
zero - this does not allow for long range processes.
However, the good agreement of the o,(E) for F' + H
with ?L, for E < 3.4 eV, suggests that its potential curve,
in particular at large R, is dominated by dipole induced
terms.

This is indicated in Fig. 4.6(b) by the two dashed

lines extending from the curve which represents the
polarization potential of equation 4.15.
the ab initio calculation
and Wolf(U3> is also shown.

For comparison,

of the 2Z state of HF* of Segal
They have calculated a crossing

radius of the HF* potential with the HF continuum of about

0.97A.

This value is very close to the equilibrium radius

of HF of about O.92A (125); a possible potential curve for the
HF* 2E state, indicated by either of the dashed lines, is
thus very similar to Vp even for small R very near the
equilibrium radius of HF, and could still cross at .97A.
The experimental results for the total electron
detachment cross sections for Br* + H are shown in Figure
4.10 as a function of relative collision energy.
For Br* + H, A.D. is exothermic by about 0.40 eV, and
only one vibrational level (v-1) is available to share the
exothermicity with the rotational and translational degrees
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of freedom of the products.

Smith and Adams <68> have

measured the rate constants for A.D. in Br’ + H at 300°K and
515°K and found a constant value of 7 x lO'10cm3/sec.

The

cross sections computed from this rate constant are also
indicated in Fig. 4.10, and are in good agreement with the
present measurements.

For E < 3.4eV

a, for Br* + H is

found to decrease smoothly with increasing energy into that
energy region where direct detachment is also possible; for
relative collision energies up to about 0.7eV the results
for Br’ + H are very similar to those for Cl’ + H.

For

0.7 £ E £ 2.4 eV, the detachment cross section for Br’ + H
is constant at about 9.oA2, but begins to increase slightly
for E > 2.4 eV.

This increase may be attributed to the

onset of direct detachment, which has an energetic threshold
of 3.4 eV, since the thermal motion of the target atoms may
cause a downward shift, <5E, in the measured threshold energy
given by(1U)

(4.21)

6E - (11.1 Y k,T Eth)* ,

where y is the ratio of the projectile mass to the total
mass of the collision partners, k^T is the average energy of
the target at temperature T, and Eth is the true threshold
energy in the center of mass frame.

At room temperature,

the energetic threshold for direct detachment in Br’ + H may
thus be shifted downward, by as much as 1 eV.
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For E > 3.4 eV the measured detachment cross section is
about constant at »10.2A2; this asymptotic value would
indicate a crossing radius of the 2E state of HBr' with the
neutral

HBr potential of

» l.sA.

This crossing radius

is indicated in Figure 4.11(a), which shows the neutral HBr
1Z state as well as the asymptotes related to Br' + H and
H' + Br.

This value of R,. » l.sA would indicate that the 2Z

state of Br' + H is repulsive into the autodetaching region,
with a threshold for associative detachment of about
0.3 - 0.4 eV, which is contrary to the large measured*68*
thermal rate constants and the present measurements.
Similarly, F + H

has an asymptotic high energy cross

section of about 8 .2A2, indicating an R,. » 1.63A, which also
suggests a partially repulsive curve for the HF* 2Z state;
this behavior, however, is not consistent with the high
thermal reaction rate for A.D. in F" + H(90,68>.
limit on cr, may be calculated

(138)

An upper

by assuming that there

exists a distance R,, and energy Es, such that if E < E the
cross section is given by the Langevin limit, and for E > Es
the cross section is

(4.22)

$#(E) - x r |(1 + a ^ E R ^ )

.

Here E, is the critical energy where bL - R,, i.e. E, ae2/2Rt4.

Using the polarizability of atomic hydrogen

(0.7A3) and R, of » 1.3A, one obtains E# « 1.8eV; for larger
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energies the Langevin formula may underestimate the cross
section.
For F

+ H, at 3.4 eV, a, is about sA2, which agrees

well with the upper limit calculated from equation 4.22,
using R, - Rc - 0.97A and E » 3.4eV, i.e. am » 7.sA2.
Similarly a crossing radius of Re « 1.65A for the 2S state
of Br' + H, may be extracted via equation 4.22, from the
measured a, for Br' + H at E « 3.4eV; from Fig. 4.11(a) it
can be seen that this crossing radius would suggest an
attractive 2S potential for HBr*, which would cross the HBr
continuum slightly below the V*1 level.

This curve is

indicated in Fig. 4.11(a) by a dashed line.
The similarity of a#(E) for Br’ + H at very low
energies to that for Cl* + H indicates that similar
detachment mechanisms are involved.

Indeed the two system

are similar in many respects; both have an exothermicity
(for associative detachment) which is small, 0.4eV for Br' +
H and 0.82eV for Cl'+H, compared to » 2.5eV for F+H.

The

number of accessible vibrational states for the A.D.
products is two for HCl, and one for HBr, compared to five
for the HF products.
At the present no calculations of the 2Z state of
Br'+H are known to this author.

The measurements of o( for

Br'+H presented here suggest that calculations of the HBr*
2Z* state would yield potential curves very similar to the
one shown in Fig. 4.11(a).
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From the ZRP calculations of Guayacq<37) for Cl'+H and f ‘
+H, tha boundary condition f(R)

(eq. 4.12)., for R > R„ is

given for both systems:

(4.23)

f(R) » 0.03 - 0.258 (R-R,)

and

f(R)

in atomic units.

» 0.1215 - 0.6 (R-R,)

The functions f(R) for HF*

for HF* ,

for HCl' ,

and HCl' are

shown below.

0.3
0.2

HF'

0.1

-0.1

-0.2

OS

to

i.5

R(A)

20

Thus, the experimental observation that the asymptotic high
energy cross sections for F'+H are larger than those for cl"
+H may be interpreted with the above figure: for R > R*,
f(R) » (2e(R))*, where «(R) is the binding energy of the
electron in XH" w.r.t. XH.

For a given value of (R-R.),

e(R) for F*+H is smaller than the e(R) for Cl'+H.

Thus the

range of internuclear separations for which the detachment
probability is significantly larger than zero due to
dynamical coupling is greater in the case of F + H than it is
for Cl+H.

In both cases the asymptotic cross section

indicates detachment at R > R„ (see also Fig. 4.8).

If the

above argument is correct, then the detachment cross
sections for Br'+H would indicate an f(R) somewhat similar
to the f(R) for Cl' + H, as shown in the above figure.

3.

i' + H
Figure 4.12 shows the measured detachment cross

sections for I +H, for relative collision energies between
about 0.09eV and 4eV.

The best known value of the E.A. of I

is » 3.06eV(10> and the dissociation energy of HI(1I) is
3.05 eV(12S>.

Thus associative detachment for I + H is almost

thermoneutral or even slightly endothermic.

In this respect

I +H is uniquely different from the previous halogen hydride
systems investigated here.

From Fig. 4.12 it is evident

that a#(E) for I +H display a dramatically different
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behavior than either F'+H or Br'+H.

For I'+H the detachment

cross section is relatively constant between 0.09eV and
1.2 eV and then increases sharply with energy above the
threshold for which direct detachment is energetically
possible.

The rate constants for associative detachment

have been measured by Smith and Adams<68> at 300 and 515K,
and their representative cross sections are also indicated
in Fig. 4.12.

These measurements also show an increase of

<r# with E, yet they are almost two to three times as large
as the lowest energy measurement reported here.

The cross

section inferred from a thermal rate constant measurement by
Fehsenfeld

is also indicated in Fig. 4.12f and its

magnitude is about half of the present lowest energy
measurement.
A further uniqueness of the l'+H collisions is found in
the small charge transfer cross sections observed.

For

relative collision energies between 2.2eV and about 4eV, the
charge transfer cross section increases slowly with energy
from about 0.3 to 0.6A2.

The uncertainties associated with

the charge transfer cross sections are somewhat large, about
±40%, owing to the poor signal to noise ratio in the ion
detection system for this experiment.

These charge transfer

cro6s sections were normalized by comparison to the known
(2)
ion production cross section for Cl +H2 .

Charge transfer

in I +H is endothermic by about 2.3eV; although a threshold
for oct(E) is not directly apparent, the cross section
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extrapolates to an experimental threshold of approximately
l.5eV.

The difference of 0.8 eV from the energetically

allowed threshold may be accounted for by thermal
broadening.
An additional aspect of HI, which sets it apart from
the previously discussed halogen-hydrides, is that it forms
a stable negative ion(U5).

The question then arises

concerning the shape of Hl'f2!) potential.

The potential

curve must support at least the lowest vibrational state;
this requires a well depth of about 0.15 to 0.2 eV, based on
the vibrational spacing of HI<12S>.

At present, no

calculations of the potential curves of HI* are available.
A few conclusions about the HI* (2S) potential may be drawn
from the measured detachment cross sections.
collision energies, at is constant at about

At the lowest

6AZ, and no

evidence is observed that ae might rapidly decrease for
decreasing collision energies.

If indeed an energetic

threshold exists for associative detachment, then, based on
the present and previous measurements, it is expected to be
less than or equal to about 0.05eV to 0.07eV.

Thus it seems

improbable that a stable HI* potential would have a shape as
indicated by the solid line in Fig. 4.11(b), i.e. with no
crossing at any internuclear separation.

The constant value

of o# » 6A2 » x (1.38A)2 for 0.09 £ E £ 1.2eV, suggests a
crossing of the ZE state for R < R#(HI)« 1.6lA.

An HI*

Ill
potential with that characteristic is indicated in
Fig. 4.11(b) by the dashed line.
Direct detachment for I*+H has an energetic threshold
minimum of about 3eV, which may be shifted to 2.1eV due to
thermal motion of the target.

The observed cx#(E) however

begins to increase at about 1.5eV; this coincides
approximately with the onset of charge transfer, which poses
the question of whether the early increase of o,(E) is due
to charge transfer followed by detachment.

The answer to

this question requires a knowledge of the potential curves
of the lowest states of (HI)* which relate to I’+H (ZE) and
H*+I (2n or 22E ) ; however at the present no calculations are
available.
Of the halogen-hydrides studied, I*+H is certainly the
most intriguing system, yet the least understood.

The

unusual character of the electron detachment cross sections
underscores the need for detailed potential calculations for
this system, and furthermore indicates that the dynamical
couplings, which are of importance for A.D. in, e.g. Cl’+H,
are perhaps even more important for A.D. in I*+H.
Finally, the disagreement of the detachment cross
sections at the lowest energies reported here, with previous
rate constant measurements of Smith and Adams
understood.

(68)

, is not

Their rate constant measurement for A.D. in I*

+H were determined independently of the dissociation
fraction of their microwave dissociator by direct
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normalization to the known reaction rate for Cl'+H.

Their

experimental method, used to obtain the thermal reaction
rates of A.D. in I*+H (and Br*, F*+H), is self consistent,
and no systematic error is evident in their measurements
which might be specific to I*+H that would explain the
disagreement with the measured cross sections reported here,
or the rate

constant measurement of Fehsenfeld

(90)
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C.

O' and s' + H
Collisions of O' and s' with H differ from the

previously discussed collision systems (with the exception
of I

+ H ) , as both OH and SH form stable molecular anions,

with electron affinities of 1.83 eV(18> and 2.32 eV(146>,
respectively.

The electron affinities of the projectiles(10>

are 1.46 eV (o') and 2.08 eV (S’).

The ground state

intermolecular potentials of OH* and SH' are described by
almost the same molecular constants*7' 125) (i.e. Rt, oa) as
their neutral parents.

When combining a ground state O*

(2P3/2) with a ground state H(2S1/2), according to the WignerWitmer rules(125>, the lowest possible states formed are
1S(1/12), ’11(1/6), *11(1/2) and *Z(3/12), where the number in
parenthesis is the relative statistical weight of that
state.

The ground state configuration of OH' is the 1Z,

with a dissociation energy of 4.755 eV, compared to that of
the neutral OH(2n ground state of 4.392 eV.
exists between the OH'(1Z) and OH(2II) states.

No crossing
The above

discussion is also relevant to the formation of SH* via S*
(2P3/2) and H(2S1/2), which has a dissociation energy of
3.79 eV, compared to that of SH of 3.55 eV.

The ground

states of OH(2II) and OH (1Z), which are shown in Figure 4.13,
have been approximated by Morse potentials, with molecular
constants from Herzberg<125).

Other low-lying molecular

states of OH*, outlined above, have been calculated by
several authors*1*7, 14a) and discrepancies exist in particular

o<

CM
(T >
m

CM

4.13 Lowest states of OH- : curves (2), (3) and (4) are
from ref. 147 and curve (5) is from ref. 148.The 0 H ( 2I1)
and OH- (1L) are approximated with Morse potentials(125)

tn

Eigure
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with regard to the 1n state of OH'.

As seen in Fig. 4.13,

the ’n state of OH’ from Acharaya et al.(148> is repulsive,
whereas the 1II state which is attractive is from the
calculation of Huron and Tran Minh(U7>.

The ’n and 3Z states

of OH* in Figure 4.13 are likewise from the calculations of
Huron and Tran Minh.

The asymptotic value for the 3S and 3H

states of OH’, formed via the combination of H'(1S0) with
0(3P2), is also given in Figure 4.13.

No calculations of

the states formed by H" + O are available.
Very little experimental information exists for low
energy collision of o' and S* with H.

Snow et al.(41> have

measured charge transfer cross sections, <rCT(E), for 0* + H
for laboratory energies between about 1 keV and 3.75 keV.
They also measured oCT for H' + 0 for laboratory energies
between 0.15 keV and 4 keV and found reasonable agreement
with the theoretical model of Rapp and Francis(H9>.

At the

present time it appears that no measurements of detachment
cross sections or reaction rates exist for o' + H or

1.

s ’ + H.

Electron detachment for o' and s' + H
The total cross sections for electron detachment

in O' + H and

s" + H are shown in Figure 4.14 as functions

of relative collision energy.

For both projectiles ct,(E)

decreases with increasing energy up to about 6 eV and above
that energy, the detachment cross sections remain constant
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at a value of about

llA 2 for both systems.

For comparison

the Langevin limiting cross section oL is also shown in
Figure 4.14? both a,(O' + H) and

c#(s* + H) are larger than aL

for the energy range of this experiment.
For O’ + H, a, exhibits a maximum in the vicinity 0.5
eV, and therefore implies an energetic threshold for
associative detachment.

This in turn suggests that all of

the OH* curves except the 1E would have to be repulsive, in
contrast to the calculations of Huron and Tran Minh<U7>.

If

one assumes that the lowest OH* states are represented by
their calculations (curves (1) through (4) in Figure 4.13),
then the upper limit on

<7e

at high energies is approximated

by

a, » S g, w Rf

(4.24)

where R, is the crossing point of a state of particular
symmetry with the OH continuum, and g ( its statistical
weight.

The above of course assumes unit detachment

probability for R < R, and zero elsewhere.
and (3) R,

For curves (2)

w 1.33A<U7>, and for curve (4) R f « 1.75A.

The

state does not cross the OH (2II) state and is assumed to not
contribute appreciably to the total detachment cross
section.

The above predicts an upper limit on at of about

6.3A2, which is slightly more than one half of the measured
asymptotic cross section.

However, if one assumes that the

118
’n state is best represented by the calculation of Acharaya
et al.(148> (curve (5) in Fig. 4.13), then R,

» I.93A and

equation 4.24 yields an upper limit on a, of about 7 .2A2?
thus the calculated crossing radii of the OH' curves appear
to be too small.
Acharaya et al.<148>

have calculated detachment rates

for associative detachment in o' + H via

o' + H -*■ OH'(v",J")V - 0H(V',J')2H + e'

in this calculation only 12 -*■ 2n transitions were considered
for relative collision energies near or below 0.1 eV.

The

1Z, 2H potentials utilized are those shown in Fig. 4.13, and
the 1H state was assumed to be repulsive at all R (curve
(5), Fig. 4.13), and was not considered in their
calculation.

These calculated detachment rates are found to

be very small (i.e. a 10* sec) at energies near or below
0.1 eV.

Thus the 3n, 1II and 3Z states of OH' must be

primarily responsible for the large detachment cross
sections (associative and direct) measured in this study.
It is of interest to note that, if the 3Z, ^

and ’il

states of OH* are all assumed to be similar to the 1H
state of Acharaya et al.(14a), i.e. all posess an Rc a

1. 95A,

then the asymptotic high energy cross section o# would have
an upper limit of (11/12) jrRe2, or llA2, which agrees with the
present measurements.

This would suggest a threshold for
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A .D., via excited states, of about 0.45 eV.

Taking thermal

motion of the target into account, this threshold could be
observed at relative collision energies as low as 0.15 eV.
In view of the measured a, for 0* + H this scenario can not
be discounted.

Clearly, more consistent calculations of the

autodetaching states of 0* +H are urgently needed.
As may be seen from Fig. 4.14, the detachment cross
sections for s" + H share some similarities with those for

O' + H.

The asymptotic high energy limit for

s" + H is also

about 11A2 and ot increases with decreasing collision energy
for E < 6 eV.

Below this energy the S' + H detachment cross

section is slightly larger than that of 0* + H; more
importantly, however, o,(E) for s' + H does not exhibit a
maximum at low collision energies, and therefore no
energetic threshold is indicated for associative detachment
in S* + H for E > 0.25 eV.

No calculations for the 1II, 3H

and 3Z states of SH* are available, and only the 1Z ground
state of SH* is known <125).

However, the similarity in the

energy dependence (for E > 0.7 eV) of <J,(E) for S* + H and
o" + H, and the common asymptotic high energy limit on oe,
indicate that the HS* autodetaching states 1n , 3n , and 3Z are
perhaps similar to those of OH*.

As an example this is

indicated in Figure 4.15, which shows the known 1Z and 2Q
ground states of SH' + SH which have been approximated by
Morse potentials with the molecular constants from
Herzberg(125>.

Also shown is the asymptotic value for the
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Figure 4.15 Lowest states of SH(2II) and SH” (12) approxi
mated with Morse potentials(125).Also shown
are possible 1n , 3n and 3X states of SH".

3Z and ^

states formed via the combination of H* (1S0) with

S(3P2); no calculations of these H* + S states are available.
The SH

(1E) and SH (2II) potential curves do not cross and it

may be assumed that, similar to o' + H, the ’z state of SH*
does not contribute appreciably to the detachment cross
sections for S" + H.
that the 1n , ^

If it is indeed appropriate to assume

and 3Z states of SH* are all similar to each

other (as appeared to be the case for OH*), then their
common crossing radius with the SH(2II)

state would

be dictated by the asymptotic high energy limit on

a, » (ll/12)x(1.95A)2 ■ llA2.

This radius Rc a 1.95A is

shown in Fig. 4.15, and indicates a possible energetic
threshold for associative detachment via excited states of
less than 0.1 eV.

The present measurements for S* + H would

not be in disagreement with such a threshold.

In light of

the above discussion, measurements of associative detachment
reaction rates at near thermal energies (e.g. 0.025 < E <
0.2 eV) would be of great interest.

2.

Charge transfer of 0* and S

+ H

The measured charge transfer cross sections for 0

+ H

and S* + H are shown in Fig. 4.16 as functions of relative
collision energy.

For comparison, the lowest energy results

of Snow et al.(41) for collisions of O* + H are also shown;
the observed rapid increase in aCT for E > 20 eV is in good

122
1.00
1.60

10.00

100.00
1.60

1.40-

-1.40

1 .2 0 -

-

1.20

1. 0 0 -

-

1.00

<T(E) .
(Sq. A)
0.80-

-0.80

0.60-

-0.60

0.40-

0 . 20 -

0.00
1.00

,•1

•t
♦ ♦ ♦ ♦

0.20

—

10.00

u 0 00

100.00

E(eV)

Figure 4.16 C ct(E) for 0“ + H (solid diamonds) and S_ + H
(solid circles). For comparison a previous
measurement of G^t(E) for 0“ + H (ref.41) is
also shown.
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agreement with the previous measurements of snow et al.
Charge transfer in O' + H is endothermic by 0.71 eV? the
measured energy dependence of <rCT for O* + H in the low
energy region indicates an experimental threshold which may
correspond to a true threshold as high as 2.5 eV when
thermal target motion is taken into account.
For S* + H a distinct threshold of 1.2 eV is observed.
Again, taking thermal target motion into account, this
measured cross section may correspond to a true threshold as
high as 2.0 eV.

Charge transfer for s' + H is endothermic

by 1.33 eV.
According to a model of non-resonant charge transfer by
Rapp and Francis(1S0>, the cross sections for systems such
as o' + H and s' + H are expected to display a distinct
threshold behavior and to increase in magnitude with
increasing collision energies, reaching a maximum value
at a relative velocity, v, where

(AE/Xt»v) » 1
where AE is the difference of the electron affinities of the
1/2

participating particles and 1<*(E{)

/a0, where Ef is the

average of the E.A. of the target and projectile.

After the

maximum cross section is reached, the non-resonant oCT
decreases with increasing velocity, similarly to resonant
charge transfer.

This high energy behavior of oCT has been

experimentally verified in H
energies greater than 140 eV.

+

for relative collision

124
For charge transfer in s’ + H no steep increase of aCT
with increasing energy was observed, probably due to the
fact that sufficiently high relative collision energies
could not be reached for S* + H.

It is of

interest tonote,

that for energies less than about 17 eV
R - a„ (S' + H )/a„ (O' + H) > l.
This is somewhat surprising, since charge

transfer

ins' + H

is in fact more endothermic than charge transfer in o' + H.
This, and the fact that the observed threshold for charge
transfer in S' + H is slightly lower than in o' + H, may
only be sufficiently understood when calculations of the 3Z
and *11 states of (0 + H ) and (S + H ) are available.

CHAPTER V
SUMMARY AND CONCLUSIONS

For low energy collisions of H' and D* with H, charge
transfer cross sections have been measured and display a
characteristically resonant behavior and a velocity
dependent isotope effect for the H' and D* projectiles.

The

electron detachment cross sections for the above systems are
the same when compared at identical collision energies.
These detachment cross sections are approximately constant
for relative collision energies between 10 eV and 200 eV,

i

and decrease with decreasing energy below 10 eV.

This

decrease is probably due to a finite threshold for
detachment from the ionic zEg state to the neutral 3SU state.
The constant cross section for E > 10 eV indicates, that
detachment via the H2' resonances is saturated above that
energy.
The measured cross sections for charge transfer and
electron detachment have been discussed in terms of existing
models and calculations for the internuclear potentials.

It

is still the case, however, that the z£g and zZu states of Hz
are not well defined within the autodetaching region.

The

difficulty involved in calculating these states for small
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internuclear separations has been discussed in detail by
Amaya - Tapia et al.<120>.

They suggested that measurements

of the differential charge transfer cross sections would
provide a sensitive test for the calculated energy
difference between the 2£g and 2SU states of H2’.

However,

the detachment cross sections for H'(D') + H, presented
here, indicate that these states of H2" have very short
lifetimes.

This would imply that for large angles the

differential charge transfer cross section will be sharply
depleted, implying that such differential cross section
measurements would probably not yield much further
information about the ionic potentials within the
autodetaching region.
Electron detachment cross sections, oc(E), for
collisions of F", Br' and I' with H have also been measured.
The experimental results for o, for F* + H are well
described by a classical orbiting model for relative
collision energies E < E.A.(F).

For both F* + H and

Br' + H, the measured low energy detachment cross sections
are in good agreement with thermal rate constant
measurements, and no energetic thresholds are observed.
This would imply that the 2Z state of HBr
attractive into the autodetaching region.

and HF* is
Furthermore, the

high energy cross sections for both projectiles indicate
that detachment occurs at internuclear separations R > Rc.
ZRP calculations for the product vibrational distribution
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for associative detachment in F

+ H have been made (37), and

agree well with previous measurements<38).

However,

calculations of total detachment cross sections, or reaction
rates as a function of collision energy, are not available.
For F", Cl* or Br‘, no charge transfer with atomic
hydrogen was observed; the charge transfer cross section was
determined to have an upper limit of about 0 .06A2, which is
the experimental resolution of the crossed beam apparatus.
It is hoped that the detachment cross section measurements
for F" + H and Br' + H presented here will provide a solid
background for future calculations for these systems.
Ideally, theoretical models such as the close coupling
theory of Haywood and Delos

(93)

or the ZRP theory of

Gauyacq<37>, all of which have been very successfully applied
to Cl' + H, could now be utilized to calculate rate
constants or cross sections for associative detachment in F*
+ H and Br' + H, since measured cross sections for these
system are now available.
The system of I* + H is found to display quite
different detachment cross sections compared to those of the
above halogen-hydrides.

The detachment cross sections for

I* + H are constant for relative collision energies below
about 1 eV, indicating a finite threshold for associative
detachment.

Above 1 eV, at(E) increases with increasing

energy; above relative collision energies of about 1.5 eV, a
small charge transfer cross section is also observed, which

128
increases with increasing energy, reaching 0 .6A2 at
approximately 4 eV.

These observations and the known

existence of stable Hl'<us> uniquely underscore the
difference of the I' + H collisional system from the
previously discussed halogen-hydrides.

Indeed, the low

energy detachment cross sections suggest a crossing radius,
Re, of the Hi' 2Z state with the neutral HI continuum which
is smaller than the equilibrium radius, Rt, of the neutral
HI molecule.

This is in contrast to the other halogen-

hydride systems studied, all of which have Re > Ra.
For relative collision energies below approximately 1.5
eV, the measured associative detachment cross sections of
the investigated halogen hydrides decrease with decreasing
exothermicity, which is in agreement with thermal rate
constant measurements.
Finally, charge transfer and electron detachment cross
sections for o" + H and S* + H have been measured for
laboratory collision energies between about 8 eV and 500 eV.
For both systems the measured detachment cross sections are
larger than the Langevin limit, and display a common
asymptotic high energy limit of approximately

llA 2.

At the

lowest relative collision energies o,(E) for O* + H
indicates an energetic threshold for associative detachment
of less than 0.5 eV; for s' + H no such threshold is
indicated.

Both systems form stable molecular anions in a

1Z ground state configuration which is well known(125>.

I

For

O

+ H the 1n , ^

and 3Z excited states have been

calculated047' 148), however discrepancies exist in particular
in regard to the energy of the 1n state.
this type are available

for S* + H.

No calculations of

For both collision

systems the detachment cross sections indicate that the
excited states 1II, *11 and 3Z are possibly all repulsive, and
cross the 2II neutral molecular potential curve at about

I.95A.

Such a crossing radius would support the

experimental observation that for o’ + H an energetic
threshold near 0.5 eV for associative detachment is
indicated, whereas c, for S* + H does not suggest a
threshold for associative detachment.

No previous

measurements of detachment cross sections or reaction rates
are available for low energy collisions of 0* and S* with H,
and the discrepancies between experiment and theory clearly
demonstrate the need for future calculations of the
autodetaching states formed by o' + H and S* + H.
Charge transfer cross sections for the above two
systems have also been presented; for O' + H the measured
high energy cross sections are in good agreement with
previous measurements by Snow et al.

(41)

, whereas for S

+ H

no previous measurements are available for comparison.

Both

systems, however, display cross sections which are
consistent with some of the characteristics of the semiempirical model of non-resonant charge transfer by Rapp and
Francis<150>.

For both O' + H and s' + H, the low energy
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cross sections indicate energetic thresholds for charge
transfer slightly in excess of the endothermicity of either
system.
The crossed beam apparatus, designed and built in this
laboratory, has been successfully utilized to obtain the
measurements presented in this dissertation.

A well defined

beam of atomic hydrogen is now routinely available in this
laboratory.

Modifications are already in progress to

incorporate an alkali anion source into the existing device,
to investigate charge transfer and electron detachment for
low energy collisions of, e.g., Na* + H.

Charge transfer

and detachment cross sections for the reverse reaction H* +
Na have been previously measured in this laboratory by Wang
et al.(6>, however the absolute values of the charge transfer
cross sections were obtained by normalization to an existing
calculation due to experimental difficulties caused by
alkali contaminated surfaces within the scattering region.
The same method utilized to calculate charge transfer in H'
+ Na may also be applied to Na' + H.

Since in the existing

crossed beam apparatus the absolute cross sections for
charge transfer in Na' + H may be obtained directly by
comparison to the known ion production cross sections in,
e.g., Na' + H2(151), these measured cross sections may then be
used to verify the normalization scheme employed in
determining oCT for H* + Na.

The crossed beam device then

could also be utilized to measure charge transfer and
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elactron detachment of other alkali aniona In collision with
H.
The recent availability, in this laboratory, of a
Nd.YAG laser operating at 1064 nm, has brought a quite
different set of experiments within reach.

This laser may

be incorporated into the existing crossed-beam apparatus,
and, when used in an intra-cavity mode, could facilitate the
production of fast neutral atomic beams, via photodetachment
of weakly bound anions such as h ' or negative alkalis.
Thus, for example, a well defined beam of fast neutral
hydrogen atoms could be produced to investigate reactions
such as
+ H°#l0. - H* + H

for relative collision energies up to about 250 eV.
What has been demonstrated in this study is that
measurements of electron detachment and charge transfer
cross sections, for collisions of a variety of anions with
atomic hydrogen, may yield quantitative and qualitative
information on the collisional dynamics of those systems.
It is hoped that the experimental results presented in this
dissertation have yielded sufficient information and
incentive to provide a solid background for further
theoretical investigations.
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